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PREFACE 


In the preparation of this volume the purpose has been 
to present an historical account of the more important facts 
and theories of chemistry, as these disclosed themselves to 
the original workers in this branch of science. No attempt 
has been made to write a formal History of Chemistry, 
either as a survey of the various periods into which the 
history of the science may be divided, or in the more usual 
biographical form. The material has been classified by 
subjects rather than by authors ; but it will be found that 
under this system the work of individual experimenters is 
described quite as fully as in a biographical survey, whilst 
in the case of certain chemists, such as Priestley, Lavoisier 
and Gay-Lussac, it has been possible to include detailed 
descriptions of experimental work which could scarcely have 
found a place in a brief biography. 

The Biographical Index provides a key to the work of 
each author as it is described in the text, and contains most 
of the essential items for an account in narrative form of 
the achievements of the great pioneers of chemistry. 

In a few cases this index contains dates and titles of works 
not included in the text, as, for example, Cavendish’s work 
on the density of the earth, and some of Faraday’s physical 
experiments ; but no attempt has been made either in the 
biographical index or in the text to record the later and 
more detailed developments of organic or of physical chem- 
istry, Such a record would be out of place in a historical 
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introduction dealing with fundamental facts and problems ; 
only the most incidental references will be found therefore to 
the work of Hofmann in organic chemistry, or of van t’Hoff 
in the various branches of physical chemistry. This limita- 
tion is of little importance, as the advanced student will 
find ample descriptions of the achievements and discoveries 
of these later workers in the two volumes of Memorial 
Lectures issued by the Chemical Society. 

In compiling the present volume, the standard histories 
of Thomson and of Kopp have been invaluable as guides to 
the literature, but the whole story has been written afresh 
from the original sources. Almost without exception, every 
reference and quotation has been checked directly in the 
printed proofs against the original text ; if, however, any 
errors should have survived, the author would be very grate- 
ful to anyone who would direct his attention to them. The 
few statements for which dates but no references are given 
are made on the authority of Kopp, but most of them refer 
only to incidental points. Much of the narrative, even when 
not enclosed between inverted commas, is in the actual 
words of the original descriptions, a feature which the pre- 
sent volume shares with the text-books of loo years ago, but 
which has gradually disappeared as the early history of 
chemistry has become more and more a “ twice-told tale.” 

In order to present the material in the most accessible form, 
quotations have been taken so far as possible from modern 
reprints, such as those of Scheele’s Essays, or the Alembic 
Club Reprints, or from collected Works such as those of 
Lavoisier, Davy, and Stas. To guard against anachronism, 
full use has been made of contemporary translations of such 
works as Bergman’s Essays and Berthollet's Chemical Statics ; 
but as the object in view was to present a picture of the 
development of chemistry rather than a formal history, it 
was thought better not to introduce unnecessary confusion 
by using the name ‘‘ nitric acid ” when nitrogen peroxide 
was meant, nor to obtrude at every point the various names 
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by which oxygen and chlorine were described up to 1787 
and 1810 respectively; but whenever some more familiar 
term has been introduced into the text, the alteration has 
been indicated by square brackets. 

The detailed descriptions of classical experiments, which 
form a leading feature of the book, should be of value not 
only to the student but also to the teacher of chemistry, since 
they show not merely how the great facts of chemistry might 
have been discovered, but the actual course of the discover- 
ies themselves. Such information has proved of real value 
in devising courses of instruction in elementary chemistry, 
and forms a sure guarantee against an incorrect or illogical 
sequence ; from this point of view the book may be com- 
mended to those who are responsible for the training of 
teachers, as well as to students who intend to become 
teachers themselves. The historical method has also been 
found to provide a complete solution of the difficult problem 
of teaching mixed classes of students, some absolute begin- 
ners and others with a considerable knowledge of elementary 
text-books of chemistry. This problem is insistent in 
training colleges and in medical schools, and is probably 
but little less urgent in other departments of teaching. The 
material included in the present volume has been proved, 
by several years of actual practice, to provide a means of 
interesting and instructing both types of students. Even 
the laws of chemical combination acquire a new interest 
when presented in the picturesque imagery of Proust, or 
with some of the glow of Berzeliuses early enthusiasm. 

In contrast with most of the well-known histories of 
chemistry, the volume is provided with many illustrations, 
especially of the apparatus used by the earlier workers. It 
is unfortunate that large-scale copper-plate illustrations can- 
not be reduced in exact facsimile without destroying all 
their technical merits ; but great care has been taken that 
the wood-blocks shall reproduce as faithfully as possible all 
the essential features of the original drawings. Thus, 



PREFACE 


viii 

Bunsen’s burner (1866) has been removed, it is hoped finally, 
from Dumas’s apparatus for the composition of water (1841), 
and the big spirit-lamp has been restored to its place ; and 
Lavoisier’s red-hot gun-barrel is again sealed with clay joints 
instead of with rubber. The temptation to reconstruct early 
apparatus (which has led to the association of the Bunsen 
burner with Lavoisier’s work) has been resisted even in the 
pressing case of Cavendish’s experiments on the composition 
of water, where the gap has been filled by reproducing the 
contemporary apparatus of Monge ; only when the text and 
illustrations were complete was the discovery made that two 
of the globes used in these experiments are still preserved in 
the library of the Royal Institution. The single case in 
which a figure has been consciously modified is a small 
alteration in Priestley’s blackboard and table (Fig. 20) with 
the view of making the most of the limited space available 
for reproduction. 

An exact historical narrative, such as is here presented, 
could not have been written without free access to books and 
journals, many of which are rare and some almost inacces- 
sible. I wish to express my indebtedness to Mr. A. H. White, 
of the Royal Society’s Library, and to Mr. F. W. Clifford, 
the Librarian of the Chemical Society, for their invariable 
courtesy and helpfulness over a period of several years, as 
well as to the Institution of Electrical Engineers for access to 
their important collection of Volta’s papers. I am indebted 
to the late Miss Freund for a quotation from a copy of 
Wenzel’s Theory of Affinity in the library of the University 
of Bonn, to Prof. Victor Henri of Paris for some information 
in reference to early French publications, and to Prof. Ernst 
Cohen of Utrecht for a number of historical details. The 
early chapters of the book were written in collaboration 
with the late Mr. G. C. Donington, whose double qualifica- 
tion in History and Natural Science gave special value to 
his opinions and criticisms. I have also derived great 
benefit from the expert advice which Prof. R. A. Gregory 
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and Mr. A. T. Simmons have generously given to me 
through the whole period occupied by the compilation of 
the book. The proof-sheets have been read by Mr. W. A. 
Davis, by Dr. Merriman, by Lieut. Victor Steele and by 
Mr. H. S. Patterson, to whom I am grateful for much 
valuable help and criticism. 

T. M. Lowry. 




As in 1926, the opportunity has been taken to make 
a number of small alterations in the text; and the chapter 
on “The Classification of the Elements” has been once 
more reconstructed, in order to show the present position 
in reference to missing elements, isotopes and radioactivity. 
In this connection, attention may be directed to the re- 
production on page 462 of Mendel&ff s Periodic Table, 
published in Liebig’s Annalen in 1871. This table at least 
absolves its author from responsibility for the perversity 
which classifies potassium and gold as members of a 
“natural family” of elements, since the coinage metals 
Cu, Ag, Au, are there associated with the transitional 
elements Ni, Pd, Pt in Group VIII, and are shown only 
in brackets in the column which contains the metals of 
the alkalis. It is hoped that the present revision will 
maintain the usefulness of the book at least for another 
decade. 


April 1936, 


T. M. Lowry. 
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HISTORICAL INTRODUCTION 
TO CHEMISTRY 

PART I 

ELEMENTS AND COMPOUNDS 

CHAPTER I 

RAW MATERIALS AND PRIMITIVE MANUFACTURES 

The study of Chemistry as a branch of natural knowledge 
may be said to begin with the work of the Honourable 
Bobert Boyle (1627-1691). But, at the time when Boyle 
commenced his work, the most important chemical processes 
and many well-defined substances were already familiar, 
many of them having been used for practical purposes 
from very early times. Early chemical discoveries group 
themselves naturally into three periods : 

1. The Prehistoric and Ancient Period culminated in 
the civilisations of Egypt, Greece, and Rome. During this 
period many of the raw materials, which it is the business 
of Chemistry to study, were collected, purified, and brought 
into common use in daily life ; but only in a few cases were 
processes discovered for the preparation of new substances 
by the action of these raw materials on one another. 
Evidence as to the substances which were known during this 
period is derived from casual references in the writings of 
ancient authors, but systematic works of a scientific character 
were written in Alexandria about 250 a.d. 

2. The Earlier Alchemistic Period extended from the 
early part of the Christian era to about 1500 a.d. During 

« B 
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this second period the search for the philosopher’s stone, 
a substance by which baser metals could be converted 
into gold, led to an exhaustive study of all available 
materials. Their actions upon one another were also studied, 
and the effect of heat upon them both separately and in 
mixtures of varying complexity. In this way, many new pro- 
cesses and compounds w^ere discovered. Geber (Jabir ibu 
Hayyan), who flourished about 750 a.d., wrote several 
works in Arabic. The Latin Works of Geber (of which 
no Arabic originals are known) afford a clear picture of 
the progress which the science had made in the hands 
of the earlier alchemislic workers up to about 1 200 a . d . 

3. The Later Alohemistic Period extended roughly from 
1500 to 1650 A.D. During this period the search for the 
philosopher’s stone (then regarded as a means of healing all 
diseases) and for the equally imaginary elixir of life 
gradually gave place to deliberate investigations of the 
action of drugs on the human body and to the preparation 
of new substances for use in medicine. The writings of 
Glauber (1603-1668) contain a description of many sub- 
stances discovered during this period, and give a good idea 
of the state of knowledge at the time when Boyle laid the 
foundations of the modern science of Chemistry. 

The following pages contain an account of some of the 
most important materials which became known during the 
earlier part of these three periods, but large groups of 
substances (including, for instance, the acids and alkalis) 
are reserved for separate treatment in subsequent chapters. 
The various materials may be classified conveniently under 
the following headings : 

Soluble salts. — Among the substances in common use 
from very early times was the salt obtained by the evapora- 
tion by the sun’s rays of sea-water collected in shallow 
pools along the sea-shore. The product wus a mixture of 
several substances, remarkable for their sharp taste and 
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their solubility in water, and contained a large proportion of 
the substance now knowrt as common salt (Fig. i). The 
name salt was applied subsequently to all similar solids. 
Thus Boyle defined a “ salt as being characterised by two 
qualities, that “it is easily dissoluble in water and that it 
affects the palate with a savour, whether good or evil ” (see 
Experiments and Notes about the Erodudb/eness of Chymicai 
Principles, 1680, p. 3 ; Works, 1725, III. 365). 

Soda (Latin natrum), known from the earliest times as a 
natural deposit on the shores of the soda-lakes of Egypt, 
was originally 
called “nitre”; 
il was employed 
as a cleansing 
agent and in the 
manufacture of 
glass, but was 
almost u n - 
known in West- 
e r n Europe 
until the eight- 
eenth century, 
when it was 
prepared from 
the ash of marine plants. Potash, or “pearl ash,” a 
white solid closely resembling soda in many of its pro- 
perties, probably received its name from the fact that it 
was obtained by extracting the white ash of burnt wood 
with water in earthenware pots. During the middle ages 
the chief source of potash was the “lees” or sediment 
of wine to which the name of tartar was given ; this 
sediment was calcined, and the potash thus prepared, the 
burnt lees of wine,” was known as calcined tartar, or 
more simply as “ tartar.” These two substances, soda and 
potash, were known as alkalis, and were remarkable for 
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Fig. 1— Cubic Crystal of Salt. 
British Museum (Natural History). 
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their power of effervescing when mixed with acids. This 
property served to distinguish the Egyptian nitre or soda 
from the common nitre or saltpetre described in the next 
paragraph. It is referred to in the proverb : ‘‘ As he that 
taketh away a garment in cold weather, and as vinegar upon 
nitre, so is he that singcth songs to an heavy heart 
(Prov., XXV. 20). In reference to this passage Robert Boyle, 



Fig. 3— Sal-ammoniac. 


who had received a specimen of Egyptian “ nitre from 
Constantinople, wrote in 1680: — 

** And here .... give me leave to take notice of a text 
of the holy Scripture, that has sometimes puzzled not only 
me, but far better Critics in the Hebrew tongue than I, . . . . 
where to illustrate Things very incongruous to one another 
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the disagreement of Vinegar and Nitre is mentioned, for 
supposing the words to be rightly translated .... it seems 
very hard to find what show of Antipathy there is between 
Vinegar, and the Saltpetre that is commonly sold in our 
shops for Nitre ; wherefore strongly presuming that Solomon 
.... made use of Egyptian Nitre .... when once I 
received the Nitre that 1 have mentioned, and saw it in signs 
of an Alcalizate nature, I quickly poured upon it some strong 
Vinegar, and found as I expected that there presently ensued 
a manifest conflict, with noise, and store of bubbles, with 
which Experiment I afterwards acquainted some Critics, 
and other learned men who were not ill-pleased with it ” 
{Experiments and Notes about the Producibkness of Chymical 
Principles^ 1680, p. 30 ; Works, 

1725, III. 371). 


Saltpetre or nitre (Fig. 2), 
a salt-like substance formed 
by the decay of animal matter 
and found as an incrustation 
in the neighbourhood of 
stables, was introduced into 
Europe from the East. Sal- 
ammoniac (Fig. 3), a salt of 
similar origin, was manufac- 
tured by heating camePs dung ; 



Fir.. 4— The Coi.enso Diamond 
British Mu.seum (Natural History). 


it differed from other salt-like substances in that it could 
be vaporised completely by gentle heat. The name was first 
applied to a mixture of common salt and soda found near 
the temple of Jupiter Ammon in Upper Egypt, but was 
transferred by the early alchemists to the volatile salt just 
referred to. 


Earths and rocks. — A number of other substances, which 
may be classed together as earths or rocks, were employed 
for various purposes. Fuller’s earth, a white, friable clay, 
was used as a cleansing agent prior to the manufacture 
of soap. Chalk, limestone, and marble were employed 
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largely in their natural condition as building materials, 
but were also converted into lime by the action of heat and 
used in the preparation of mortar. Sand was used with soda 
in the manufacture of glass. 

Many crystals and precious stones were also known and 
valued for personal adornment and for decorative purposes. 
Amongst the first to attract attention were probably emerald, 
TOPAZ, DIAMOND (Fig. 4), and QUARTZ (Fig. 5) ; the last 
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Fk;. 5— Crystals of Quartz. 
British Museum (Natural History). 


substance, known also as rock-crystal, or crystal, gave 
its name to the whole of this class of substances. 

Substances of organic origin. — Many of the substances 
known in ancient and medieval times were formed by the 
agency of living organisms, either animals or plants. Among 
these may be mentioned sugar (in the form of honey), 
TURPENTINE, OILS, FATS, and WAXES (extracted from plants 
and from the bodies of animals), amber (a fossil resin), and 
PEARLS. Wine and vinegar were obtained by fermentation 
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from the juice of the grape and other fruits, whilst saltpetre 
and saLatnmoniac have been referred to already as products 
of the decay of animal matter. 

Substances prepared by the action of fire.—Many other 
substances were prepared from natural materials by the 
action of fire. Lime, obtained in this manner from lime- 
stone or chalk, has been mentioned previously, but greater 
importance attaches to the use of fire as an agent for the 
preparation of metals. Two metals, gold and silver, are 
distributed somewhat widely in a native state, and were 
known frorn the earliest times. Native copper was also 
found and used.^ Mercury (Latin hydrargyrum^ or liquid 
silver), which occurs in minute droplets in certain rocksj 
was known to the Greeks. 

Other metals were obtained by smelting their ores, that 
is, by heating them with charcoal. Amongst these was tin, 
obtained by smelting tinstone and valued highly as a 
means of hardening copper. The hard alloy of copper and 
tin is known as bronze. The stage of civilisation during 
which this alloy came into common use has been called the 
Bronze Age,’^ although the various European peoples 
learnt to use it for the manufacture of weapons and imple- 
ments at widely different times The smelting of iron was 
a more difficult process, since a much higher temperature 
was required than in the case of tin or copper. 7'he use of 
iron, therefore, follows that of bronze in the history of each 
race. Thus, the Greeks, as described in the Homeric poems, 
were accustomed to the use of bronze weapons and imple- 
ments, but esteemed iron much more highly — a lump of 
iron being described as a valuable prize in a contest The 
Romans had reached the “ Iron Age ” by early classical 
times. Four hundred years later, at the opening of the 
Christian era, the Germanic races still employed the earlier 

^ **A land whose stones are iron, and out of whose hills thou 
mayest dig brass ” (Deut. viii. 9). 
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known metal, although the use of iron had superseded 
that of bronze partially amongst the Gauls and other Celtic 
races. Lead was known to the Romans at the time of their 
conquest of Britain ; the mining of lead ores was carried 
on by them in Derbyshire and in other parts of the island. 

Fire was also used as an agent in the purification of the 
so-called “ noble metals,’' gold and silver, from baser im- 
purities, such as tin and lead, the latter being converted into 
dross. The dross obtained by burning lead, in order to 
separate it from the silver which it contained, received 



Fic. 6 — Arrowhead Crystals of Marcasite 
British Museum (Natural History). 


a special name, 

LITHARGE, that 

is, the stone 
(Greek, Af^os) 
obtained from 
silver (Greek, 
apyvpos:) ; it was 
valued because 
it could be con- 
verted by gentle 
roasting into the 
scarlet paint 
known as 

MINIUM or RED 


LEAD. 

Substances produced by weathering or decay.— New 

materials were also obtained by the natural processes of 
weathering or decay. Saltpetre, wine, and vinegar have 
been mentioned as examples of this kind, but special 
reference may be made to the green, glassy substance which 
is formed when the minerals marcasite and pyrites (Figs. 
6, 7 , 8) are allowed to weather. The brilliant golden nodules 
of marcasite, which in England are often found as thunder- 
bolts,” embedded in the chalk, decay and become “ rusty ” 
almost as easily as iron. When the rusty mass is extracted 
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with water, a soluble substance is dissolved out and separates 
in green crystals on allowing the washings to evaporate. 
The glassy appearance of the crystals won for the substance the 
name of vitriol (Latin vitrum^ glass). It played a most impor- 
tant part in the early development of chemistry on account of 



Fig. 7— Nodule of Marcasite as described by Glauber. 



Fig. 8 — Striated Cubes ok Pyrites 


Marcasite and iron pyrites both consist of disulphide of iron (FeS.j), but they 
differ in crystalline form. The crystals of iron pyrites are cubic whilst those of 
marcasite belong to the orthorhombic system. 


the discovery of an oily product, oil of vitriol, to which it 
gave rise when strongly heated (see Chapter II). The 
following description of the way in which green vitriol was 
prepared from nodules of marcasite was written by Glauber 
about 1648 A.D., and translated into English in 1651 ; — 
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‘‘ Commonly in all fat soils or clayey grounds, especially 
in the white, there is found a kind of stones, round or oval 

in form Which if it is cleansed from the earth, 

and beaten to pieces, looks within of a fair yellow and in 
streaks, like a gold Marcasite, or a rich gold Ore, but there 
is no other taste to be perceived in it, than in another 
ordinary stone ; . . . . Now this stone is nothing else, but 
the best and purest Mineral (or Ore) of Vitriol, . . . out of 
which there may be made an excellent medicine, as 
followeth. 

Take this Ore or Mineral beaten into pieces, and for some 
space of time, lay or expose it to the cool air, and within 
twenty or thirty days it will magnetically attract a certain 
saltish moisture out of the air, and grow heavy by it, and at 
last it falleth asunder to a black powder, which must remain 
further lying there still, until it grow whitish, and that it do 
taste sweet upon the tongue like vitriol. Afterward put it in 
a glass vessel, and pour on so much fair rainwater, as that it 
cover it one or two inches ; stir it about several times in a 
day, and after a few days the water will be coloured green, 
which you must pour off, and pour on more fair water, and 
proceed as before, stirring it often until that also come to be 
green : this must be repeated so often, until no water more 
will be coloured by standing upon it. Then let all the green 
waters which you poured off run through filtering paper, for 
to purify them ; and then in a glass-body [ a retort ] cut 
off short let them evaporate till a skin appear at the top : 
then set it in a cold place, and there will shoot little green 
stones, which are nothing else but a pure vitriol : the re- 
maining green water evaporate again, and let it shoot as 
before : and this evaporating and crystallising must be 
continued until no vitriol more will shoot ” {Philosophical 
Furnaces^ Part II. 1651, p. 71 ; IVorks^ 1689, I. 21). 


Summary and Supplement 

Scientific Chemistry begins with Eobert Boyle (1627-1691), 
but was preceded by three periods, namely : — 

(i) An Ancient Period^ extending up to the Christian era, 
in which many primitive manufactures were developed ; 
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(2) An Earlier Alchemistic Period^ extending to about 
1500 A.D., during which many substances were discovered in 
the attempt to convert base metals into gold \ 

(3) A Later Alchemistic Period^ extending to about 1650 A.D., 
in which new substances were prepared and tested for 
medicinal purposes. 

Important substances known at a very early date include : 

1. Soluble Salts.— 

Common Salt (Sodium chloride, NaCl). 

Washing Soda (Sodium carbonate, Na2C03,ioH20). 
Potash (Potassium carbonate, K2CO3). 

Saltpetre or Nitre (Potassium nitrate, KNO3). 
Sal-ammoniac (Ammonium chloride, NH4CI). 

2. Earths and Bocks.— 

Fuller’s Earth. 

Chalk, Limestone, Marble (Calcium carbonate, CaCOa). 
Sand, Quartz (Silicon dioxide, SiO^). 

En^erald. Topaz. Diamond. 

3. Organic Products.— 

Sugar. Turpentine. Oils, Fats and Waxes. Amber 
and Pearls. Wine and Vinegar. Saltpetre and 
Sal-aininoniac. 

4. Igneous Products.— 

Lime from Limestone (CaCOg-^ CaO + COg). 

Tin {stannum^ Sn) from Tinstone 

(SnO^ + C-^Sn + COg). 

Iron {fernim, Fe) from Ironstone 

(Fe 203 + 3C->2Fe + 3C0). 

Litharge from Lead (2Pb + 02-> 2PbO). 

Also Native Metals.— 

Gold {aurum, Au). 

Silver {argentum^ Ag). 

Copper (cuprum^ Cu). 

Mercury {hydrargyrum^ Hg). 

5. Products of Decay.— Especially, Iron Pyrites (FeSg) 

Green Vitriol (Ferrous sulphate, FeS04,7H20) 

Oil of Vitriol (Sulphuric acid, H2SO4). 



CHAPTER II 

THE ACIDS 


A. Discovery of the Common Acids 

Vegetable acids. — The earliest acids knowa were of 
vegetable origin, but until the middle of the eighteenth 
century scarcely any attempt was made to isolate them from 
the “sour’^ liquids in which they occur, or even to distinguish 
between various acids of similar origin. The most familiar 
of the vegetable acids was sour wine or vinegar, which 
was known to have a remarkable action upon soda 
(Chapter 1 . p, 4). Its power of dissolving chalky materials is 
illustrated by the story of Cleopatra and the pearls which 
she dissolved and drank in a cup of vinegar, as well as by 
Livy^s fantastic story of the use of vinegar by Hannibal to 
dissolve away the limestone rocks of the Alps. Distilled 
VINEGAR was familiar to the alchemists from the time of 
Geber, and was frequently used as a solvent, but it was not 
until a much later period that the acid constituent, acetic 
ACID, was isolated in a pure state. 

A large number of crystalline acids of animal and vegetable 
origin were, however, prepared at the close of the eighteenth 
century by the Swedish chemist, Carl Wilhelm Scheele, 
(i742->i 786), whose work on these substances may be 
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regarded as the basis of the modern science of ‘‘ Organic 
Chemistry/^ Amongst the acids discovered by Scheele were 
TARTARIC ACID prepared in 1770 from “tartar,’' in which it 
is present in combination with potash ; benzoic acid from 
benzoin (1775); uric acid from bladder-stones (1776); 
LACTIC acid from sour milk (1780) ; oxalic acid by the 
action of nitric acid on oils (1783); citric acid from 
lemon-juice (1784); and malic acid from apples (1786). 

Oil of vitriol, or sulphuric acid.— A great advance was 
made by the discovery in the early alchemistic period of 
powerful acids of mineral origin. The first of these to 
be prepared was oil of vitriol, which the Latin Works of 
Geber (? 1200 a.d.) describe as obtained by the distillation 
pf alum. The acid can be prepared more easily by distil- 
ling green vitriol, as described in the writings of Basil 
Valentine and of Glauber, and it was from this method of 
preparation that the acid obtained the name oil of vitriol. 
The first stage of distillation results in the formation of clouds 
of steam : subsequently, dense white fumes are produced, 
which dissolve in the condensed steam to form oil of vitriol. 
When the white fumes are condensed separately, a strongly 
fuming liquid is produced which hisses violently when poured 
into water : this fuming liquid is often called Nordhausen 
oil of vitriol from the name of the German town in which 
it used to be manufactured. The red, rusty residue remaining 
behind in the retort was known as colcothar, and is now 
sold as rouge. This method of making oil of vitriol is 
described by Basil Valentine as follows : — 

“If you get such deep graduated and well prepared 
Mineral, called Vitriol^ then pray to God for understanding 
and wisdom for your intention and after you have calcined 
it, put it into a well coated Retort, drive it gently at first, then 
increase the fire, there comes in the form of a white spirit of 
vitriol in the manner of a horrid fume, or wind, and cometh 
into the Receiver as long as it hath any such material in it.” 
i^Last Will and Testament^ p. 158.) 
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The acid is now prepared by more direct methods from 
iron pyrites or from sulphur. The presence of sulphur it* 
pyrites ^ and in oil of vitriol was known in Boyle’s time, but 
the name sulphuric acid by which the acid is now generally 
known was not adopted until 1787. 

Aqua fortis or nitric acid.— A second acid of mineral 
origin was described by Gcber as obtained by distilling a 
mixture of saltpetre with green vitriol and alum. At a 
later period Glauber showed that it could be prepared more 
easily, and in a much purer condition, by distilling a mixture 
of oil of vitriol and saltpetre from a glass retort heated gently 
in a bath of hot sand over a furnace. From its remarkable 
power of dissolving metals such as copper and silver, which 
were not readily acted on by oil of vitriol, it came to be 
known as aqua fortis. In Boyle’s time its acid properties, 
its volatility, and its origin from nitre were indicated by the 
name ‘‘acid spirit of nitre”; this was afterwards shortened 
to nitrous or nitric acid, the last name being introduced by 
Lavoisier in T787. 

Aqua regia. — By dissolving sal-ammoniac or salt in aqua 
fortis, Geber prepared a still more powerful acid which was 
capable of dissolving gold; it was therefore called aqua 
REGIS, or aqua regia. 

Spirit of salt or muriatic acid. — The method of prepar- 
ing spirit of salt by heating salt with oil of vitriol in a 
glass retort is due to Glauber. He had previously made it 
by throwing a mixture of salt, green vitriol, and alum upon 
the hot fuel of a charcoal fire and passing the fumes into a 
large glass globe. The action of oil of vitriol on salt produces 
a pungent fume which escapes into the air and is lost ; but 
Glauber found that this fume condensed readily in a receiver 
half filled with water, giving an acid liquid which he described 

^ “Vitriols are produced from the stone . . . called Marchasile, and 
from it on the application of fire the flowers of common sulphur are 
elicited in considerable abundance.” (John Mayow, Medtco-p^yskal 
Works^ 1674 ; Alembic Club Reprints^ XVII. 28). 
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as SPIRIT OF SALT ; another common name for the acid is 
muriatic acid (Latin, murium^ brine). The gas itself 
was first isolated by Priestley, who showed that it could be 
collected quite readily over mercury. 

Glauber also showed that the mixture of spirit of salt and 
aqua fortis, which is produced by distilling salt and saltpetre 
with oil of vitriol, was capable of dissolving gold and had 
the same properties as the aqua regia prepared by Geber’s 
method. 


B. Properties of the Acids. 

Taste. Action on vegetable dyes. — The most con- 
spicuous property possessed by all the above acids was their 
sour taste. To this may be added the fact that they were 
capable of changing the colour of various vegetable dyes. 
During the eighteenth century, syrup of violets, which 
changes from violet to red on the addition of an acid, was 
largely used as a test or indicator for these substances ; at 
a later date “ tournesol,” or litmus, which changes from 
blue to red more easily than syrup of violets, and various 
artificial dyes, were used for this purpose. 

When concentrated, the mineral acids were found to have 
very corrosive properties. Glauber describes the charring of 
a slip of wood and the ignition of turpentine and of spirit of 
wine as properties of the strongest oil of vitriol. Aqua fortis 
was equally corrosive, but both acids become harmless when 
sufficiently diluted. The diluted mineral acids were at one 
time employed in medicine and as substitutes for vinegar 
and lemon-juice in the preparation of food. 

Action on alkalis and chalk. — When added to soda or 
potash all the acids were found to produce the violent effer- 
vescence that was first noticed in the action of vinegar on 
soda (p. 4). A similar “ breaking out of air took place 
when chalky materials were acted on by acids : in this action 
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the chalk was usually dissolved, but oil of vitriol gave a 
white solid which was proved by Margraaf, in 1750, to be 
identical with the mineral gypsum or selenite (Fig. 10, 
p. 19), from which “Plaster of Paris'^ is made by gentle 
burning. The origin and the nature of the “air” which is 
set free in these actions are discussed in Chapters IV. 
and VI. 

Action of acids on metals. — The acids also had the 
property of corroding or dissolving metals. The poisonous 
green powder known as verdigris was prepared at a very 
early date by the action of vinegar on copper, and was used 
as a paint during the classical period. The mineral acids 
were found to act on metals in a much more powerful 
way; by the time of Geber (circ. 800 a.d.) methods had 
been discovered for dissolving all the metals that were 
known. The action of acids on metals was often accompanied 
(as in the case of soda and chalk) by the breaking out of a 
gas, but for many centuries no method was known by which 
these fugitive products could be collected. The important 
discoveries which were made when at last it was found 
possible to isolate and examine them are described in 
Chapter V. 

C. Preparation of New Salts and Nomenclature 
OF Salts 

New salts. — One result of the discovery of the acids 
was to add very greatly to the number of “ salts ” which 
were known. When an acid acts on a metal, on chalk, or 
on an alkali, a solution is produced which no longer has the 
sour taste of the acid. These solutions contain a variety 
of salt-like substances, which can be isolated by evaporating 
either to dryness or until crystals begin to separate. In this 
way many beautiful and useful salts were obtained. At 
first a special name was given to each salt ; but later a 
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system was devised in which each salt was named after the 
acid and the base (metal, alkali, or earth) from which it was 
derived, nitrate of silver, sulphate of potash, muriate of 
lime. This system was initiated about the middle of the 
eighteenth century and completed by a group of French 
chemists in 1787^; it led inevitably to the inclusion in the 
category of “ salts of many insoluble and tasteless sub- 
stances. Selenite, for instance, when prepared by the action 
of oil of vitriol on lime or chalk, could scarcely be excluded 
from the category of salts merely because it was only slightly 
soluble in water ; for the same reason it was necessary to 
regard as a salt the 
insoluble muriate of 
silver, which could 
scarcely be separated 
in an arbitrary way 
from the soluble muri- 
ates of copper and gold. 

Some of the more 
important salts pre- 
pared with the help of 
the acids are described 
below. 

Vitriols or sulphates. — The salts prepared by the action 
of oil of vitriol on metals were of a glassy crystalline 
character, which won for them the name of vitriols. 

“Out of all Metals there can be made a Vitriol or 
Chrystal (Chrystal and Vitriol is taken for one).” (Basil 
Valentine, Last Will and Testament^ p. 157.) 

This name was afterwards limited to crystals prepared 
from, or related to, oil of vitriol. The most important of 
these were green vitriol, and blue vitriol (Fig. 9), 

^ The Mtthode de Nomenclature Chimigue^ by MM. de Morveau, 
Lavoisier, Berthollet, and Fourcroy, was published in Paris in 1787, 
and translated into English in 17S8 and 1796. 

C 



Fig. q— Ckystau ok Bi.uk Vitkiol 

OR SUf.l’HATE OK CoPPER. 
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obtained by the weathering of different varieties of pyrites. 
The blue vitriol was of special interest because iron dipped 
into it became coated with copper, and seemed to have 
been transmuted into that metal. These two vitriols were 
prepared artificially by the action of oil of vitriol on plates 
of iron or copper, by Glauber, who writes as follows : — 

“Take of your heavy oil .... as much as you please, 
put it into a glass body together with plates of copper or 
iron, set it in a warm sand, and let it boil until that the oil 
will dissolve no more of the metal, then pour off the liquor, 
filter it through brown paper, and put it into a low gourd 
glass and set it in sand, and let the phlegm evaporate until 
there appear a skin at the top, then let the fire go out, and 
the glass grow cold, then set it in a cold place, and within 
some days there will shoot fair Crystals ; if of Iron, greenish ; 
if of Copper, something bluish ; take them out and dry them 
upon filtering paper, the remaining liquor, which will not 
shoot into Vitriol, evaporate again in sand, and then let it 
shoot as before ; conlitiue this proceeding, until all the 
solution (or filtered liquor) be turned to Vitriol” i^Philoso- 
phical Furnaces^ Fart IV ; Works, 1. i8). 

These two vitriols were described by Lavoisier and his 
colleagues as sulphate of iron and sulphate of copper, 
after the acid and metals from which they were derived. 

Glauber^s salt was prepared by the action of oil of 
vitriol on common salt. When this action was carried out 
in a glass retort, the salt was separated easily in a pure con- 
dition by crystallisation. Its discoverer attributed to it 
almost miraculous properties and called it “sal mirabile.'* 
It was afterwards prepared from oil of vitriol and soda, and 
was therefore called sulphate of soda. The corresponding 
salt prepared by the action of oil of vitriol on potash was 
known in Boyle’s time as vitriolated tartar, but in 
I^voisier’s system became sulphate of potash. 

Gypsum or selenite (Fig. lo), which could be prepared 
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artificially from oil of vitriol and chalk or lime (p. ii), 
was called sulphate of lime. Epsom salts, a purgative 
salt derived from mineral springs, was shown by Black in 
1755 to contain a base magnesia in combination with oil 
of vitriol ; it was therefore called sulphate of magnesia. 

Nitres or nitrates.— Nitre or saltpetre (Fig. 2, 
p. 4), for many centuries 
the only source from which 
nitric acid and the nitrates 
could be derived, was pre- 
pared artificially in i66t 
by Robert Boyle, who 
effected this important 
synthesis by recombining 
nitric acid with potash ; 
its systematic name was 
therefore nitrate of 
POTASH. A nitrate OF 
soda was prepared by 
Geber ; enormous deposits 
of this salt have been 
discovered in the desert 
regions of Chile, and mil- 
lions of tons are now ex- 
ported every year for use 
in agriculture under the 
name of Chile saltpetre. 

The nitrates of the metals 
were well-known to the 
Alchemists. Geber describes lunar caustic, the nitrate 
OF SILVER, as prepared in the form of small fusible stones 
like crystal,’* by dissolving silver in aqua fortis and boiling 
away two-thirds of the water in a long-necked flask. The 
nitrates of lead, copper, iron, and mercury, were also prepared 
at an early date. 



Fig. 10— Large Ckystai. of Gyirum or 
Selenite (Sulphate of Lime). 


C 2 
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Muriates. — Glauber, who discovered the first efficient 
method of making spirit of salt or muriatic acid, prepared 
the MURIATES OF IRON, COPPER, GOLD, and Other metals, by the 
action of spirit of salt, or of aqua regia upon the metals ; he 
obtained them in the form of strong solutions which he 
described as “oil of Mars,^^ “oil of Venus,” etc., in accordance 
with the alchemistic system (which survives in the case of 
Mercury) of calling each of the metals after a planet.^ 

Common salt, which can be prepared artificially by recom- 
bining muriatic acid with soda, is a muriate of soda. The 
corresponding muriate of potash, known as sal sylvii, 
or sylvine, was prepared by the action of muriatic acid 
on wood-ashes or potash. Extensive deposits of the salt 
have been found at Stassfurt in Germany ; the mineral is 
used on a large scale as a fertiliser in agriculture, and is 
one of the chief sources from which potash is derived. 

Black in 1755 prepared the muriate of magnesia, and 
compared its properties with those of muriate of lime. 

Acetates. — Of the salts derived from organic acids themost 
important were the acetates prepared from vinegar, or acetic 
acid. The acetate of soda and acetate of lime prepared 
by the action of vinegar on soda and on chalk (as described 
on p. 15), were amongst the first salts to be prepared arti- 
ficially. Mention may also be mad-e of the acetate of lead 
which Basil Valentine prepared from vinegar and litharge, 
and which acquired the name sugar of lead on account of 
its sweet taste ; also of the acetate of copper, which he 
prepared by the action of vinegar on verdigris. 

“ There is extracted from calcined Saturn [/.<?., burnt lead 
or litharge] with distilled Vinegar a Crystalline Salt.” 

“Take some pounds of Verdigris, extract its Tincture with 
distilled Vinegar, let it shoot, then you have a glorious 
Vitriol.” {Last Will and Testament^ pp. 349 and 351.) 

* Gold, Silver, Copper, Iron, Tin, Lead, Quicksilver = Sol, Luna, 
Venus, Mars, Jupiter, Saturn, Mercury. 
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Black in 1755 prepared the acetate of magnesia, in 
addition to the muriate, nitrate, and sulphate, for comparison 
with the corresponding salts of lime. 

Classification of salts. — The salts described above were 
prepared by the action of acids (i) on metals such as iron 
and copper ; (2) on the alkalis^ soda and potash ; (3) on 
earths such as lime and magnesia. The distinction, which 
was at first made between these three classes of salts, was 
rendered of little value by the observation that the salts of 
metals could be prepared much more easily from the earthy 
calces which are formed when the metals are burnt : Glauber, 
for instance, showed that the muriate of copper was prepared 
easily by the action of muriatic acid on the calcined metal, 
although the metal itself was attacked but slowly. The 
distinction was broken down finally at the commencement 
of the nineteenth century by the discovery that the alkalis 
and earths were themselves calces of easily-burnt metals. 
When this had been proved the custom arose of describing 
all salts as derivatives of metals. Thus gypsum, which was 
called by Lavoisier “ sulphate of lime,^’ is now described as 
CALCIUM sulphate, and Glauber’s salt is called sodium 
SULPHATE instead of “ sulphate of soda. ” The older 
names are, however, still used in commerce and in 
pharmacy. 

Strength of acids. — The fact that oil of vitriol could 
displace muriatic acid from common salt, and nitric acid from 
nitre, was recorded by Glauber. Attention was directed at 
first mainly to the liberated acid, but it was recognised soon 
that a soluble substance was left behind which contained the 
“ fixed salt ” (/>., the base or alkali) of the original substance 
in combination with the stronger vitriolic acid. Thus, 
when oil of vitriol acted upon common salt, the residue of 
Glauber’s salt was found to be identical with sulphate of 
soda prepared by the action of oil of vitriol on soda ; when 
nitre was used, the residue was a “vitriolated tartar” or 
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sulphate of potash identical with that prepared from oil of 
vitriol and “ tartar ’’ or potash. 

These actions were discussed fully by John Mayow, a 
LfOndon Physician (1645-1697), who pointed out in 1674 
that “ although [acids] and [alkalis] pass into a neutral sub- 
stance when they meet, yet they do not, as is generally 
supposed, entirely destroy each other,’' since when the 
conditions are suitable both the acid and the alkali may 
be recovered from the salt. Thus: — 

“ If oil of vitriol is poured upon nitre, which consists of 
an [alkali] and of a volatile [acid] (as was shown above), 
the fixed salt [/.^., the base] of the nitre will soon leave its 
own acid and will enter into union with the acid of the 
vitriol, which is more concordant with it ... . That the 
case is so, is clear, for if nitre mixed with oil of vitriol be 
distilled, the spirit, or [acid] of the nitre will pass under 
a mild heat into the receiving vessel, while yet in other 
circumstances that spirit will not be carried up except by a 
very vehement fire .... It is a corroboration of this view 
that the mass left in the retort after a distillation of this 
kind, closely resembles vitriolated tartar, and can be properly 
substituted for it.” (“Of the combination of contrary salts,” 
MedicO’physical Works^ A.G.R. XVII. 161 — 162.) 

As oil of vitriol was found to liberate nitric acid from any 
nitrate and muriatic acid from any muriate, it was regarded 
as stronger than either of these acids, whilst vinegar was 
found by similar tests to be weaker than the three mineral 
acids. It is recognised now that this rough and ready 
method is not the best test of the strength of an acid, as it 
depends too largely on the readiness with which the various 
acids can be driven off in the form of vapour. But 
observations such as these were of great importance 
because they showed clearly that all salts possessed a 
dual structure ; they thus prepared the way for the system 
of classifying salts which is described in the preceding 
paragraphs. 
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* Summary and Supplement 

A and B. —DISCOVERY AND PROPERTIES OF THE ACIDS. 

Vegetable Acids include : — 

Acetic acid, C2H4O2, from Vinegar (known to Geber) ; 

Tartaric acid, C4HQOQ, from Tartar (Scheele, 1770) ; 

Benzoic acid, C7H0O2, from Benzoin (Scheele, 1775) ; 

Uric acid, C6H4N4O3, from Bladder-stones (Scheele, 1776) ; 
Lactic acid, CaHoOg, from Sour Milk (Scheele, 1780) ; 

Oxalic acid, C2H2O4, from Oils (Scheele, 1783) ; 

Citric acid, CgHgOy, from Lemons (Scheele, 1784) ; 

Malic acid, C4H6O5, from Apples (Scheele, 1786). 

Mineral Acids include ; — 

Oil of Vitriol, Vitriolic acid, or Sulphuric acid, H2SO4, pre- 
pared by distilling Alum (Geber) or Green Vitriol (Glauber). 
Aqua Fortis, Acid Spirit of Nitre, or Nitric Acid, HNO3, pre- 
pared by distilling Nitre and Alum (Geber) or Nitre and Oil 
of Vitriol (Glauber), 2KN03-t-H2S04-»K2S04-f 2HNO3. 
Spirit of Salt, Muriatic acid, or Hydrochloric acid, HCl, pre- 
pared by heating Salt and Oil of Vitriol, and collected in 
water (Glauber), 2NaCl 4 * H2S04-> Na2S04 + 2HCI. 

Aqua Regia, a, mixture of Aqua Fortis and Spirit of Salt 
prepared by adding Sal-ammoniac to Aqua Fortis (Geber), 
NH4Cl-hHN03— > NH4N03-t-HCl, or by distilling a mixture 
of Nitre and Salt with Oil of Vitriol (Glauber). 

The acids as a class possess the following properties, though 
some of them may be lacking in the case of individual acids : — 
(a) General Properties : Sour taste ; acids turn syrup of violets 
red and redden blue litmus ; the mineral acids are corro- 
sive when concentrated but harmless when dilute ; 

{b) Acids dissolve Alkalis and Chalky liberating gaSy e.g.y 
“Vinegar upon Nitre (z>., soda)” and upon Chalk, 

Na2C03 + 2C2H402->2NaC2H302 + H2O 4 - COg 
CaCOg 4-2C2H402->Ca(C2H302)2 4 -H 204 -C 02 ; 

Oil of Vitriol with Soda gives “ Glauber’s salt,” with Chalk gives 
“ Gypsum ” or “ Selenite ” (almost insoluble in water) 

Na 2 C 03 4 - H 2 S 04 “> Na 2 S 04 4 - HgO 4 - COg 
CaCOg 4*H2S04->CaS044-H204“C02; 
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(c) Acuh dissolve metals^ e.g.y Oil of Vitriol and Muriatic acid 
dissolv’c Iron ; Oil of Vitriol (concentrated) and Aqua Fortis 
dissolve also Copper, Mercury and Silver ; Aqua Regia 
dissolves Gold. 

The action of acids and alkalis on vegetable tinctures such 
as the blue-fluorescent extract of “ Lignum nephriticum,’^ syrup 
of violets and cornflowers, and the purple juice of ripe privet- 
berries was described by Boyle {Experiments on Colours^ 1663). 

C. Salts. 

Many salts can be prepared artificially by the action of Acids 
on Metals, Alkalis (Soda and Potash) and earths. Amongst 
the salts which were prepared and examined at an early date 
the following may be noted : — 

{a) Vitriols or Sulphates.— Metals : Green Vitriol, 
Sulphate of Iron, or Ferrous Sulphate, FeSO,j, 7H2O ; Blue 
Vitriol, Sulphate of Copper, or Copper Sulphate, CuS04,5H20. 
From Alkalis : Glauber’s Salt, Sulphate of Soda, or Sodium 
Sulphate, Na2S04, 10H2O ; Vitriolated Tartar, Sulphate of 
Potash, or Potassium Sulphate, K2SO4. 

From Earths : Gypsum or Selenite, Sulphate of Lime, or 
Calcium Sulphate, CaS04, 2H2O ; Epsom Salts, Sulphate of 
Magnesia, or Magnesium Sulphate, MgS04, 7H2O ; Alum, 
Sulphate of Potash and Alumina, or Potassium Aluminium 
Sulphate, KAl(S04)2,i2ll20. 

{b) Nitres or Nitrates.— Nitre or Saltpetre, Nitrate of Potash, 
or Potassium Nitrate l\NO;j ; 

Chile Saltpetre, Nitrate of Soda, or Sodium Nitrate, NaNO^ ; 
Lunar Caustic, Nitrate of Silver, or Silver Nitrate, AgN03. 
Also Nitrates of Lead, Copper, Iron and Mercury. 

{c) Muriates or Chlorides. — Muriates or Chlorides of Iron 
(FeCla), Copper (CuClg), and Gold (AuCls). 

Common Salt, Muriate of Soda, or Sodium Chloride, NaCl ; 
Sylvine, Muriate of Potash, or Potassium Chloride, KCl ; 
Muriate of Magnesia or Magnesium Chloride, MgClg ; 

Muriate of Lime or Calcium Chloride, CaClg. 

{a) Acetates. — Sugar of Lead, Acetate of Lead, or Lead Ace- 
tate, Pb(C2H302)2 ; 

Acetate of Copper or Copper Acetate, Cu(C2H 302)2, pre- 
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pared from Verdigris or Basic Acetate of Copper, 

Cu(C,H 30,)2 + Cu(0H),; 

Acetate of Soda or Sodium Acetate, NaC2H302 ; 

Acetate of Lime or Calcium Acetate, Ca(C2H302)2 ; 

Acetate of Magnesia, or Magnesium Acetate, Mg(C2H302)2. 

Three systems of nomenclature are seen in the names given 
to the salts set out above:— (i) At first each salt received a 
special name, in many cases recalling the origin or properties of 
the salt. (2) 'Lhe system of naming salts after the acid and 
the metal, alkali or earth from which they arc derived was 
elaborated by de Morveau, Lavoisier, Berthollet, and Fourcroy 
in their Methode de Nomenclature Chimique^ published in 
1787. (3) This system became obsolete when Davy, twenty 

years later, showed that the alkalis and earths contained 
metals ; it was then possible to name every salt after the acid 
and the metal from which it was derived and to abandon the 
use of the alkalis and earths in naming salts. 

The idea that salts still contained the acid and alkali from which 
they were derived was put forward by John Mayow in his Medico- 
Physical Works published in 1674 ; he showed that Ammonia 
could be displaced from its Salts by Potash, 2N H,jCl + K2CO3 
->2KC1 + (NH4)2C03 and Aqua Fortis by Oil of Vitriol, 
2KNO3 4 - H2S04~> K2‘^^4 T 2HNO3, and was impressed with 
the idea of the unequal “concordance” of the two acids with 
the alkali, an idea that is essentially the same as that of the 
unequal strengths of different acids. Rouelle* to whom we owe 
the terms base {Mem. Acad., 1754, 572) and water of crystalli- 
sation {ibid., 1744, 356) described how neutral salts had been 
restricted at first to “salts formed by the union of acids with 
alkalis, which are soluble in water, and imprint on the tongue 
a saline taste. . . . The number of neutral salts was at first 
very small, scarcely any were known but sea salt and nitre ; but 
the number was soon increased, above all by the work of 
Glauber. Others have since been added of which the bases are 
the volatile alkali and an absorbent earth. Finally there have 
been added salts formed by the union of acids with metallic 
substances” {Mem, Acad., 1754, 572). He himself, in 1744, had 
defined as a neutral salt, “a salt formed by the union of an acid 
with any substance whatever, which serves as a base for it and 
imparts to it a concrete or solid form ” (ibid., 573). 



CHAPTER III 

THE BURNING OF METALS AND THE DISCOVERY OF OXYGEN 

A. The Burning of Metals. 

Jean Key (1630) shows that lead and tin increase in 
weight when burnt — It has been known from very early 
times that the metals, except gold and silver, are, by heating, 
gradually changed to powders of various colours. These 
powders were called calces from the resemblance which 
they showed to lime (Latin, calo^^ and the process of 
burning was called calcination. A casual examination 
showed that the calx was a lighter material than the metal 
from which it was formed; it was, therefore, natural to suppose 
that the burning of the metal had resulted in a loss of 
weight, just as is obviously the case when wood or coal is 
burnt. The fact “ that tin and lead increase in weight 
when they are calcined,” was therefore “observed with 
astonishment ” by those who first put the matter to the test 
of experiment. 

The Essays of Jean Rey (1630), a French Doctor of 
Medicine, “ On an Enquiry into the cause w'herefore Tin 
and Lead increase in weight on Calcination” (Alembic Club 
Reprints, No. XI), contain an account of one of the earliest 
chemical researches of which a clear record has been pre- 
served. He records of Brun, an apothecary of Bergerac, that 

“having placed two pounds six ounces of fine English tin 
in an iron vessel and heated it strongly on an open furnace 

26 
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for the space of six hours with continual agitation and 
without adding anything to it, he recovered two pounds 
thirteen ounces of a white calx ; which filled him with 
amazement, and with a desire to know whence the seven 
ounces of surplus had come ” (A. C. R. XI. 36). 

It had been suggested that the gain in weight was due 
to soot or vapour from the furnace condensing on the tin, 
or to the disintegration of the iron vessel ; Rey showed 
that these explanations were unlikely, and concluded (on 
the basis of argument rather than of experiment) 

That this increase in weight comes from the air, which 
in the vessel has been rendered denser, heavier, and in some 
measure adhesive, by the vehement and long-continued heat 
of the furnace : which air mixes with the calx (frequent 
agitation aiding) and becomes attached to its most minute 
particles : not otherwise than water makes heavier sand 
which you throw into it and agitate, by moistening it and 
adhering to the smallest of its grains ” (A. C. R. XI. 36). 

Rey supported his argument by quoting an experiment 
of Hamerus Poppius, who had calcined a cone of antb 
mony on a marble slab by means of a burning mirror, 
and had found the weight to be augmented instead of 
diminished, in spite of the copious exhalation of vapours and 
fumes (A. C. R. XI. 49) ; in this case at least, the gain in 
weight could not be attributed to contamination of the metal 
by the furnace or vessel, and must surely be due to the 
condensation of air. A similar explanation was given in 
the case of lead, of which it had been recorded that “ it is a 
remarkable thing that lead on calcination increases in weight 
by eight or ten pounds per cent ” (A. C. R. XI. 41). 

Bobert Boyle (1673) confirms Key’s statement that 
metals gain in weight on calcination.— Jean Rey himself 
does not appear to have made any experiments on the gain 
in weight of tin and lead. But the fact that metals gain in 
weight when calcined was confirmed forty-three years later 
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by the careful experiments of Robert Boyle on the calcina- 
tion of copper and iron, as well as of tin and lead. Boyle’s 
observations showed a gain of : — 

30 to 49 grains on 480 grains of copper ^ 

60 ,, ,, 4^^ n bn 

66 „ „ 240 ,, „ iron 

7 „ ,, 480 „ „ lead (in spite of loss) 

whilst silver showed a gain of only 2 grains on 212. 

Boyle’s experiments were carried out as follows : — 

“ Into a very shallow crucible, we put an ounce of copper- 
plates, and set it in a cupelling furnace, where it was kept 
for two hours ; and then being taken out, we weighed the 
copper, which had not been melted (having first blown off 
all the ashes), and found it had gained thirty grains.” 

A similar experiment with an ounce of copper filings 
gave an increase of 49 grains. 

“ Upon a good cuj)el, we put an ounce of English tin, of 
the better sort ; and having placed it in the furnace, under 
a muffler, though it presently melted, yet it did not forsake its 
place, but remain upon the concave surface of the cupel, 
till, at the end of about two hours, it appeared to have been 
well-calcined ; and then being taken out, and weighed by 
itself, the ounce of metal was found to have gained no less 
than one dram.” 

“An ounce of lead was put upon a cupel, made of calcined 
hartshorn, and placed under a muffler, after the cupel was 
first made hot, and then weighed. This lead did not enter 
the cupel, but was turned into a kind of litharge on the top of 
it, and broke the cupel, whereby some part of the latter was 
lost in the furnace ; yet the rest, together with the litharge, 
weighed seven grains more than the lead and heated cupel, 
when they were put in.” 

“ Four drams of the filings of steel, being kept two hours 

^ 20 grains = i scruple 
3 scruples = i dram 
8 drams = i ounce. 
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on a cupel, under a muffler, acquired one dram, six grains 
and a quarter, increase of weight.” 

“ A piece of refined silver, being put upon a cupel under 
a muffler, and kept there for an hour and a half, was 
taken out, and weighed again ; and as before it weighed 
three drams, thirty-two grains and a quarter, it now weighed 
in the same scales, three drams, thirty-four grains and a 
quarter” {Works, 1725, II. 389-390). 

Boyle calcines tin in sealed flasks. — Although Boyle was 
convinced that metals really gained in weight when burnt, 
he regarded these experiments as unsatisfactory because the 
metals were exposed to the smoke and dust of the furnace. 
To get over this difficulty he heated the metals between 
two crucibles cemented together with clay, and finally (in 
the case of the more fusible metals) made use of glass 
flasks, the necks of which were loosely stoppered, drawn 
out to a fine point, or sealed up altogether. Boyle's experi- 
ments on the calcination of tin in sealed flasks are of special 
interest as having provided the basis for Lavoisier’s experi- 
ments on the same subjc<‘t. 

“To prevent all suspicion of any increase of weight, in 
the metals, arising from smoke, or saline particles, getting 
in at the mouth of the vessel, I made the experiment in 
glasses, hermetically sealed, as follows. Eight ounces of 
good tin, carefully weighed, we hermetically sealed up in a 
new, small retort, with a long neck, by which it was held in 
the hand near a charcoal fire, that kept the metal in fusion ; 
being now and then shaken for almost half an hour ; in 
which time, it seemed to have acquired, on the surface, such 
a dark colour, as argued a beginning calcination ; and it 
both emitted fumes that played up and down, and also, 
afforded two or three drops of liquor, in the neck of the 
retort. The glass was, at length, laid on quick coals, 
where the metal continued above a quarter of an hour longer 
in fusion ; but, before the time was come, that I intended, 
to suffer it to cool, in order to its removal, it suddenly broke 
into a great multitude of pieces, and with a noise, like the 
report of a gun.” 
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In order to reduce the risk of explosion the flask was next 
heated before sealing. 

Two ounces of filings of tin, were carefully weighed, and 
put into a little retort, whose neck was afterwards drawn 
slender to a very small apex ; then the glass was placed on 
kindled coals, which drove out fumes at a small orifice of 
the neck, for a pretty while. Afterwards, the glass, being 
sealed at the apex, was kept in the fire for above two hours ; 
and then being taken off, was broken at the same apex : 
whereupon I heard the external air rush in, because, when 
the retort was sealed, the air, within it, was highly rarefied. 
Then the body of the glass being broken, the tin was taken 
out, consisting of a lump, about which there appeared some 
grey calx, and some very small globules, which seemed to 
have been filings melted into that form. The whole weighed 
two ounces, and twelve grains ” ( JVorh, II. 393-394). 

**Fire and flame weighed in a balance” by Eobert 
Boyle. — Although the observations on calcination which 
are described under this title ’ ( JVorks^ 1725, II. 388) agreed 
closely with those quoted by Jean Rey, Boyle gave a different 
explanation of the gain in weight, which he attributed to the 
absorption of heat instead of to the condensation of air. 
Boyle’s failure to recognise the essential part played by air 
in combustion maybe attributed to his observations ‘‘Of 
the strangely difficult Propagation of Actual Flame in Vacuo 
Boyliano” {^New Experime?iis^ touching the Relation betwixt 
Flame and Air, London, 1672 ; compare Works, 1725,11. 517) 
in which he found that various substances including sulphur, 
gunpowder, and fulminating gold, could be fired, although 
with difficulty, by contact with hot iron in a vessel from which 
much of the air had been removed by means of an air-pump. 

Boyle’s opinion forms the basis of the “Phlogiston” 
theory of Becher and Stahl. — Boyle’s view that fire and 
flame were material things which could be “ weighed in* a 

^ The title of the original tract is “New Experiments to make the 
Parts of Fire and Flame stable and ponderable.’^ London, 1673. 
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balance appeared again in a modified form in the theory 
OF PHLOGISTON which dominated the science of chemistry 
during the next hundred years, but was finally overthrown 
by the work of Lavoisier from 1770 to 1787. This theory 
was elaborated by two German philosophers, John Joachim 
Becher (1635-1682), and George Ernest Stahl (t66o- 
1734), who sought to explain the phenomena of combustion 
as due to a fire-element, or principle of inflammability, to 
which Stahl gave the name phlogiston. It was supposed 
that phlogiston was present in all combustible substances ; 
the largest proportion was contained in soot, which was 
thought to be almost pure phlogiston, since it left only the 
smallest residue of ash when burnt. In the smelting of 
metals the phlogiston of the fuel combined with the ore to 
produce the metal ; when the metal was burnt it parted with 
the phlogiston it had taken from the fuel and was converted 
into an incombustible calx, or ash. It will be noticed that 
whilst Boyle regarded the calx as a compound of the metal 
with igneous [)articles from the fire, thus 

Meial -f Fire = Calx^ 

Stahl regarded the calx as a simple substance, and the 
metal as a compound of the calx with phlogiston, thus, 

Calx -f- Phlogiston ~ Meial. 

Metal - Phlogiston = Calx. 

As the calx is heavier than the metal from which it is 
derived it was clear that the phlogiston which escaped 
during calcination must have a negative weight ; this curious 
conclusion, although not much considered at first, led 
ultimately to the destruction of the theory. 

In Stahl’s opinion, air was required in combustion merely 
to absorb the phlogiston set free by the burning substance ; 
air which had become exhausted by combustion was 
thought to be saturated with phlogiston, and was called 
phlogisticated air. 
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Hooke (1665) & Mayow (1674) suggest that air contains 
an active principle similar to nitre. — The air, to which 
Jean Rey had attributed the gain in weight of lead and tin 
during calcination, was regarded by Boyle as having little 
or nothing to do with this change. It was, therefore, left 
to his contemporaries, Robert Hooke and John Mayow, to 
follow up the clue which Rey had ])rovidc(l and to demon- 
strate the part which air plays, not only in the burning of 
metals, but in other cases of combustion. 

Robert Hooke, in his “ Micrographia ” (1665), called 
attention to the close resemblance between the action of 
nitre, or saltpetre, and of air in various cases of burning. 
He regarded air as a solvent for the burning substance, and 
attributed its activity to the presence in it of a^ substance 
similar to (or even identical with) melted saltpetre, but in a 
very attenuated condition. 

The similarity between air and nitre also formed the basis 
of the theory of combustion put forward by John Mayow 
in his “ Medico-I^hysical Works ’’ {^Alembic Club Reprints^ 
No. XVII.), published in 1674. He showed, as Boyle and 
Hooke had done in 1665, that air was not needed for the 
burning of gunpowder, since damp gunpowder would con- 
tinue to burn when the tube in which it was contained was 
plunged underwater (A. C. R. XVII. 9). There was, there- 
fore, something in the nitre which would take the place 
of air in enabling charcoal and sulphur to burn. This 
principle, present in air and in nitre, was generally known 
as the NiTRO-^.RiAL SPIRIT (A. C. R. XVII, r). 

Mayow (1674) proves that air is absorbed during 
combustion. — During the alchemistic period, no attempt 
was made to collect and examine gases. When substances 
were distilled the volatile products were condensed in a 
cold receiver, in which water was sometimes placed, but 
gases and vapours which were not condensed in this way 
had always been lost, Mayow, however, described in detail 
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the method, introduced by Boyle in 1660, of collecting gases 




Fig. 13. M. 

M A vow’s ArPARATUS. 

Fig. II shows a c.'indle burning in a ghass vessel inverted over water, and 
also a piece of camphor being fired by a burning-glass. 

, Fig. 12 shows the diminution of the volume of air by a mouse breathing in 
it ; a stretched bladder is sucked inwards as the air diminishes. 

Fig. 13 shows the same experiment carried out with air contained in a glass 
vessel inverted over water. 

Fig. 14 shows the apparatus used to collect gases prepared artificially by 
the action of acids on iron, 

changes of volume in the gas by noticing the position of 
the water in the glass vessel. Mayow^s apparatus is shown 
in Figs. II, 12, 13 and 14 (A.C.R. XVII. Plate 5), With 
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this apparatus he showed that a decrease in tlie volutne of 
air occurred when a candle was burned in an inverted flask, 
or when camphor was fired in it by means of a burning 
glass (Fig. ii): this decrease he attributed to the disap- 
pcarance of the nitre-air during burning. He also showed 
that a decrease in the volume of air was caused by a mouse 
breathing in it (Figs. 12 and 13), and that the mouse died 
almost immediately if placed in a jar of air in which a 
flame, waas burning: the nitre-air used in burning was 
therefore also necessary for breathing, and was used up in 
just the same way as by 
a burning candle. 

Lavoisier (1774) 
proves that the gain in 
weight when tin is 
calcined is due to ab- 
sorption of air. — I'he 
overthrow of the phlog- 
iston theory and the 
establishment of the 
theory of combustion, 
were the work of a 
French nobleman, An- 
toine Laurent Lavoisier 
(1743-1794). Lavoisier met wuth an untimely death dur- 
ing the French Revolution, but himself brought about a 
revolution in the science of chemistry, so complete as 
almost to justify the dictum of a fellow countryman, 
“ Chemistry is a French science. Its founder was Lavoisier 
ol immortal memory.” ^ His experiments on combustion 

^ This opening passage of VVurtz's Afomic I'heo^y was inscribed on a 
monument erected to the memory of Wurlz in Strassburg about I920. 
A contrary opinion was expressed by Brande, Professor of Chemistry 
in the Royal Institution, who wrote in 1819: “It is, I think, among 
our own countrymen that we discover the fathers of chemical philo- 
so[ihy : for Bacon, Boyle, Hook, and Newton, present unequivocal 
claims to that distinctive title” {Manual of Chemistry^ p. xviii,). 
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were carried out with a full knowledge of the work of his 
predecessors, and were modelled largely upon the work of 
Boyle. 

By means of a burning-glass 33 inches in diameter, 
Lavoisier calcined lead and tin in air enclosed in a glass 
vessel inverted over water or mercury^ (Fig. 15), and found 
that “the volume of air diminished by about a tw-entieth 
as a result of the calcination, and that the w'cight of the 
metal is increased by an amount almost equal to that of 
the air destroyed or absorbed.*' He concluded “ that a 
portion of the air ... . combined wdth the metals during 
their calcination, and that the increase in weight of the 
metallic calces was due to this cause " (“ Memoir on the 

Calcination of d 1 n in Closed Vessels,” 1774, JVorks, II. 105.) 
Thus in contrast to the current view that 
Metal — Calx -f Phlogiston 

Lavoisier reverted to the suggestion of Jean Key that 
Meta! -k- Air — Calx, 

the metal being regarded as a simple substance and the 
calx as a compound. 

Lavoisier calcines tin in a sealed flask. — In order to test 
the view that the gain in w’eight of metals during calcination 
was due to the absorption of air, Lavoisier, in 1774, repeated 
Boyle’s experiment of heating lead and tin in sealed glass 
vessels. But, unlike Boyle, he carried out the critical experi- 
ment of weighing the sealed retort both before and after 
heating. In making these experiments Lavoisier had the 
advantage of using a balance, more sensitive than any that 
had been constructed previously, with which he was able to 
detect changes in weight of of a grain. 

The experiment w'as carried out as follows : Eight ounces 
of tin were weighed into a retort of 43 cubic inches capacity, 
heated to drive out part of the air, sealed up and again 
weighed. The tin was then heated in the sealed retort for 
^ Priestley described this method in 1772 (see p. 88, below), 

T> 2 
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an hour and a quarter, until the surface of the molten metal 
ceased to tarnish and a considerable quantity of a black ^ 
calx had collected. In spite of the calcination that had 
taken place the sealed retort had only changed in weight 
by the loss of a quarter of a grain. If, therefore, the 
metal had gained in weight ‘‘it was necessary to look 
for the cause in the interior of the retort” {IVorkSj 
II. 112). 

The retort was then broken into halves by cracking it 
with a hot coal, and the whole was weighed again. A 
comparison with the first weighing of the tin and retort 
showed a gain of 3 13 grains; further weighings showed 
that the tin in the retort had gained 3*12 grains, whilst the 
retort itself had not changed in weight. Lavoisier was 
able to calculate that the weight of air which he had 
sealed up in luc rerori was 155^ grains, and* ulcretore 
concluded that one-fifth of this air had been absorbed by 
the tin. 

In a second experiment 20 ounces of tin were heated 
during two and a-half hours in a large retort of 250 cubic 
inches capacity. After allowing air to enter through a small 
crack, the retort and its contents were found to be io‘o6 
grains heavier than when they were first weighed : the tin 
had gained in weight by lo’oo grains or | to of the 
weight of air in the retort. The agreement between these 
two figures could not be predicted, as the cracked retort 
did not contain ordinary air; but it is referred to below 
as evidence that the ordinary air entering the retort had 
almost the same density as the portion which had been 
absorbed by the tin. 

Lavoisier's figures are given on p. 37. 

Lavoisier concluded : 

“ I. That only a limited quantity of tin can be calcined 
in a given quantity of air. 

* When tin is heated in an excess of air, a whiU calx is produced. 



Lavoisier’s Experiments on Heating Tin in a Sealed Retort. 
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“ 2. That the quantity of tin calcined is greater in a large 
retort than in a small one. . . . 

“ 3. That the sealed retorts, weighed before and after the 
calcination of a portion of the tin which they contain, show 
no difference in weight, proving that the gain in weight of 
the metal does not come from the fire nor from anything 
outside the flask. 

“ 4. . . . Tliat in the calcination of tin, the gain in weight 
of the metal is almost exactly e(]ual to the weight of the 
quantity of air admitted, jHOving that the ])art of the air 
which combines with the metal during calcination has almost 
the same density as that of atmospheric air i^Works^ II. 

I i8~i 19). 

Having thus shown that air was made up of two parts, 
one of which was absorbed by tin, whilst the other was not 
acted on, Lavoisier set himself to obtain separately the 
part of the air which combines with metals and enables 
substances to burn. He was able to imagine what 
the properties of this gas must be : it must support com- 
bustion, and probably substances would burn in it with great 
ease. He tried to obtain it from metallic calces in which 
he knew it was present, but was unable to set it free by 
any of the methods at his disposal. The recovery of this 
lost air, which Lavoisier required to complete the proof of 
his theory of combustion, was, however, accomplished within 
a few months by the independent work of Priestley in 
England and of Scheele in Sweden. 


B. The Discovery of Oxygen.’ 

Priestley (1774) discovers a gas richer than common 
air. — The facts which Lavoisier required in order to com- 
plete the i)roof of his theory of combustion were supplied 

^ The discovery of oxyfjen followed that of iiiost of the gases 
described in Chapter V. It is described here in order to complete 
the story of the calcination of metals. 



Til 


THE DISCOVERY OF OXYGEN 


39 


almost immediately by Joseph Priestley (1733— 1804), ^ 
nonconforniist pastor of Leeds, who was at this time inaking 
a large number of experiments with the object of finding out 
what “airs,” or gases, were formed when various substances 
were heated. Having procured a new burning glass twelve 
inches in diameter, Priestley “ proceeded with great alacrity 
to examine, by the help of it, what kind of air a great 
variety of substances, natural and fictitious, would yield, 
putting them into vessels .... filled with quicksilver, and 
kept inverted in a bason of the same.” {Expert fnents attd 
Ohsen)ations on Different Kinds of Air^ i774, H. 28; 
A.C.R. VII. 8.) 

With this apparatus, on the ist of August, 1774, 
Priestley endeavoured to extract air from “ mcrcurius 
calcinatus per se,” the red calx of mercury prepared by 
heating the metal gently in air. Having “ found that by 
means of this lens, air ivas expelled from it very readily,” 
Priestley proceeded to examine the product, and discovered 
to his great astonisliment that “ a candle burned in this air 
with a remarkably vigorous flame .... and a piece of 
red-hot ivood sparkled in it, exactly like paper dipped in a 
solution of nitre, and it consumed very fast ” (A.C.R. 

VII. 10). He placed a mouse in a vessel filled with the gas 
where “ it remained perfectly at its ease another full half 
hour,” twice as long as it would have lived in ordinary air 
(A.C.R. VII. 17). Later he had the curiosity to breathe 
the gas himself, and fancied that his “ breast felt peculiarly 
light and easy for some time afterwards ” (A.C.R. 

VII. 54). Priestley also obtained the gas by heating other 
substances, including red-lead, a red powder formed by 
gently roasting white lead, or litharge, and capable, like the 
mercury calx, of being decomposed when heated more 
strongly. 

The only explanation which Priestley could give of his 
discovery of a gas better and richer than air was that 
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ordinary air must contain some phlogiston, and that in this 
new gas he had, for the first time, obtained air free from 
phlogiston. He therefore described it as dephlogisticated 
AIR, and attributed its superior power of supporting com- 
bustion, to the fact that it was capable of receiving more 
phlogiston from burning substances, and could therefore 
maintain a flame for a longer period than ordinary air. 

Lavoisier makes quantitative experiments on the 
calcination of mercury. — In October of the same year 
Priestley, when on a visit to Paris, informed Lavoisier of 
his experiments. Lavoisier concluded that the new gas 
was the active part of the air which he had tried without 
success to separate. In November, 1774, he repeated 
Priestley’s experiments, and in the spring of the following 
year read before the Academy of Sciences at Paris a 
memoir “ On the Nature of the Principle which Combines 
with the Metals during their Calcination and Increases 
their Weight” {Works^ 11 . 122). In this memoir he 
described as vital air or eminently respirable air the 
gas obtained by heating the red calx of mercury, and 
confirmed Priestley’s observations as to its properties, but 
without making any reference to the source from which 
he had obtained his first information as to the behaviour of 
the calx. 

In his “ Elementary Treatise on Chemistry,” published 
in 1789, Lavoisier described a series of experiments on the 
calcination of mercury {Works^ 1 . 35-38) which display to 
the full his genius for exact and careful measurements. In 
order to study the part that air played in the formation of 
the red calx, he placed four ounces of pure mercury in a 
retort, the neck of which was bent so that it passed 
up into a bell-jar of air inverted over mercury (Fig. 16). 
The total volume of air thus enclosed in the retort and the 
bell-jar amounted to 50 cubic inches, He then heated the 
retort, and observed the formation of a red scale on the 
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surface of the mercury contained in it. At the end of 
twelve days, when further heating did not cause the forma- 
tion of any more of the red scale, tlie retort was allowed to 
cool. The mercury rose in the bell- jar and the total volume 
of air was found to have been reduced to 42 or 43 cubic 
inches, a loss of 7 or 8 cubic inches. "I'hc calx on the 
mercury was collected and found to weigh 45 grains. 
“ The air which remained after this operation, and which had 
been reduced to five-sixths of its volume by the calcination 
of the mercury, was no longer fit for respiration nor 
combustion ; since animals introduced into it perished in a 
few moments, and lights were extinguished in it at once, 
as if they had been plunged into water cif. p. 37). 

As the mercury calx (unlike the black calx from the tin) 
could be decom- 

inciies of gas, Fk,. i6— Lavoisier's Apparatus for Heating 
, . Mkkcurv in a Limitki> Voi l'me of Aik. 

which was much No illustration is ^iven of the retort used 

afterwards to decompose the calx. 

more fit than 

atmospheric air to support respiration and combustion,” 
since “a candle plunged into it, gave out a dazzling 
light; charcoal, instead of burning quietly as in ordinary 
air, burnt with a flame .... and a brightness of light 
which the eye could scarcely bear” {loc. cit, pp. 37“38). 

From these experiments it was clear that the whole of 
the 7 or 8 cubic inches of air absorbed in the first experi- 
ment had been liberated in an intensely active form in 
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the second. A further experiment showed tliat a mixture 
of 8 cubic inches of the respirable air with 42 cubic inches 
of non-respirable air behaved in all respects like ordinary 
air. There was, therefore, no doubt that the air which 
disappeared during calcination had actually combined with 
the mercury, and had been released from it by heating it 
more strongly. 

In order to complete the proof it was only necessary to 
show that the loss in weight of the calx (45 grains), when 
reconverted into mercury (41I grains), was e(|ual to the 
weight of tlie gas which had been liberated : a knowledge 
of the density of the active gas showed that tlie quantity 
collected would weigh 3.’ to 4 grains, agreeing closely with 
the loss of 3^ grains already recorded. 

Lavoisier completes his ‘‘ oxygen ’’ theory of com- 
bustion. — Lavoisier’s proof was now complete : he had 
shown that the calcination of a metal meant the combina- 
tion of the metal with an active constituent of the air, 
which in the case of mercury could be recovered from the 
calx by heating it : the calx was, therefore, a compound^ and 
the combustible metal a simpler substance. The same 
constituent of the air was required for the burning of fuel 
and for respiration, two processes which differed from the 
burning of metals mainly in giving rise to gaseous instead of 
solid products (see Chapter VI). 

Lavoisier showed that the same constituent of air was 
also concerned in the burning of sulphur and of phosphorus; 
but the products of combustion differed completely from 
the metallic calces, dissolving readily in water and producing 
acid solutions. Lavoisier regarded his active gas as an 
essential constituent of these and of all other acids. He 
therefore selected for it the name oxygen or “acid-pro- 
ducer” (compare German, sauerstoff)^ deriving it “from 
the Greek words ofus, acid^ and yciVo^aat, I beget ^ on account 
of the property of this principle, the basis of vital air, to 
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change a great many of the substances with which it unites 
into the slate of acid, or rather because it appears to be a 
princii)le necessary to acidity^* (C/iem/ca/ Nomenclature^ 
p. 24; com})are Works^ II. 249, where the name “oxygen’' 
is first used ) This name has been retained to the present day 
in spite of the discovery (see Chapter XII) of acids in which 
no oxygen is present. Tlie cornj)Ounds in which oxygen 
was present w’ere described as oxides ; under this title were 
included, not only the acid oxides of sulphur and phos- 
phorus, but also the basic calces derived from the metals. 

By making use of the discovery of oxygen, Lavoisier 
had been able to explain all the main facts on which the 
phlogiston theory was based ; the plilogiston theory w'as 
therefore no longer necessary, and gradually ceased to be 
used. Lavoisier’s theory was completed in the year 1777. 
It won its first converts nearly ten years later, w'hen it w'as 
accepted by de Morveau, Fourcroy, and Berthollet. The 
“System of Chemical Nomenclature” which they issued in 
1787 was one of the first manifestoes of the new faith. 

Scheele’s discovery of oxygen. — The separation of the 
gases of the atmosphere was accomplished independently 
by the Swedish chemist Scheele in a research, “ On Air 
and Fire” (A. C. R. VIII), completed about the same time 
as Priestley’s work, but not published until 1777, and not 
known either to Priestley or to Lavoisier at the time when 
they were carrying out their experiments. 

Scheele’s experiments led him to the belief that common 
air consisted of two gases, one of which could be removed 
by various substances. Thus when damp iron filings rusted 
in air, in a tightly closed bottle wdiich was afterwards opened 
under water, about a quarter of the air w^as found to be 
absorbed- Similar results were obtained when phosphorus 
was burnt in a thin flask tightly corked, or when it w^as 
simply allowed to stand for six weeks in a closed flask until 
it ceased to glow. The part of the air remaining at the 
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close of these experiments was slightly less dense than 
ordinary air, and did not allow a candle to burn in it, or 
even the smallest spark to continue glowing. This inactive 
portion of the air was separated by no fewer than sixteen 
different methods, but the recovery of the “lost air,'’ as 
Scheele called it, was a problem of much greater difficulty. 
Scheele actually obtained it from a variety of substances, 
amongst which was nitric acid, thus confirming tlie view of 
Hooke and Mayow as to the close relationship existing 
between nitre and air. He found that it could be prepared 
most readily either from nitre (saltpetre) or from common 
RED PRECIPITATE (obtained by dissolving mercury in nitric 
acid and heating the residue until the product became red) 
which he proved to be identical with calcined mercury (red 
oxide of mercury). 

Having separated this pure fire-air Scheele repeated 
the experiments which he had carried out with ordinary air 
and proved that the substances which diminished the 
volume of ordinary air when left or burnt in it, were 
capable of absorbing “fire-air” entirely. For example, 
phosphorus, heated in a closed flask filled with “ fire-air,” 
burnt with remarkable brilliancy ; on allowing the flask 
to cool and opening it under water, it was found that 
water entered the bottle and filled it almost completely. 
Scheele showed that his “fire-air” (Lavoisier's “oxygen”) 
was slightly denser than air, and soluble in water. He also 
proved it to be essential to the breathing of animals, and 
the growth of plants. By mixing it with 3J times its volume 
of “ foul air,” left after burning phosphorus in a closed 
vessel, there was obtained a gas which in every respect 
resembled common air. Scheele rightly concluded that 
common air is a mixture of “ fire-air ” with about four times 
its volume of “ foul air.” 

Azote. — The residue left after removing the oxygen from 
air was described by Priestley as “ phlogisticated air,” by 
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Scheele as “ foul air ’’ {Air and Fire^ p. 54), whilst Lavoisier 
usually called it the “ atmospheric mofette ” ; the French 
chemists in 1787 {Chemical Nomenclature^ p. 26) described 
it as AZOTE, from the Greek privative a and life^' in 
order to indicate its inability to support life. It was shown 
by Cavendish to consist mainly of a gas, present in 
nitre, to which Chaptal gave the name nitrogen. (See 
Chapter X.) 

Summary and Supplement. 

Jean Rey, in 1630, “On an enquiry into the cause wherefore 
tin and lead increase in weight on calcination,” concluded that 
the gain in weight on calcining tin, lead, and antimony must be 
due to condensation of air. 

Robert Boyle, in 1673, i*"^ essay entitled “ New Experi- 
ments to make Fire and Flame stable and ponderable,” proved 
that copper, iron, tin and lead gained in weight when burned, 
but attributed this to the absorption of igneous particles. This 
materialistic view of the nature of fire was elaborated in the 
“ phlogiston theory ” of Becher and SUihl ; they assumed that 
combustion and calcination involved an escape of phlogiston, 
whilst in smelting an ore, or calx, the addition of phlogiston 
from the fuel revivified the metal. 

Robert Hooke, in 1665, in his “ Micrographia,” and John 
Mayow, in 1674, in his “Medico-physical Essays,” suggested 
that air must contain an active principle similar to nitre, the 
constituent which enables damp gunpowder to continue to burn 
under water. This was described as “spiritus nitro-aereus,” or 
“nitro-aerial spirit.” Mayow also described experiments with 
air trapped over water, and showed that the volume of air was 
diminished by the burning of a candle or of camphor, as well 
as by the breathing of a mouse. 

Antoine Laurent Lavoisier, in 1774, “Memoir on the 
Calcination of Tin in Closed Vessels,” showed that a sim,:ilar 
decrease of volume took place when lead and tin were heated 
by a burning-glass in air confined over water or mercury. He 
repeated the experiments in which Boyle had calcined tin in 
sealed glass flasks, but proved that no change in weight took 
place until the flask was opened ; as the flask did not change in 
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weight, the gain in weight of the tin must have been accom- 
panied by the disappearance of an equal weight of air. When 
the flask was opened a quantity of air rushed in, the weight of 
which was almost equal to that gained by the tin ; this showc'J 
that the part of the air absorbed by the tin (about \) did not 
differ greatly in density from the air outside. 

Joseph Priestley, in 1774, isolated the active part of the air 
by heating the red calx of mercury, and showed that it was a 
brilliant supporter of combustion and maintained respiration 
much longer than ordinary air. He regarded it as air minus 
phlogiston, and called it “ dephlogisticated air.^’ Lavoisier 
then carried out quantitative experiments on the calcination of 
mercury, in which he showed that the volume of gas set free 
when the calx was heated was identical with the volume of air 
absorbed in its preparation, whilst the weight of the gas set 
free was equal to the loss in weight of the calx when reconverted 
into metal. 

Since sulphur and phosphorus were converted into acids by 
combination with the active part of the air, Lavoisier gave to it 
the name oxyge?t^ acid-producer, the same idea being 
implied in the expressive German name, sauersfoff. 

Oxygen was also prepared independently about 1774 by 
Carl Wilhelm Scheele, who obtained it first by heating nitric 
acid and nitre. He proved in many ways that air was a mixture 
of an active and an inactive constituent, and showed that 
ordinary air could be reproduced by adding “fire-air,” or 
oxygen, to the “ foul air ” remaining after rusting or burning 
had taken place in it. 

The chemical changes described in this chapter may be 
represented by the following equations : — 

Calcination of tin , . Sn + 02= Sn02 (white calx). 

(Stannic 

oxide.) 

2Sn-f02 = 2SnO (black calx). 

(Stannous 

oxide.) 

„ „ lead . 2Pb-f-02=2PbO (yellow calx), 

(Litharge.) 

„ „ 2Cu + 02= 2CuO (black calx). 

(Cupric 

oxide.) 
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Calcination of iron . 3 Fe + 202 — Fe 304 (blue-black scale or 

(Magnetic calx.) 

oxide o( 
iron.) 

Preparation of red oxide of jnercury — 

{a) “ Mercurius calcinatus per 

2 Hg + 02 = 2 HK 0 . 

{b) “ Red precipitate ” 

3 Hg + 8HN03=:3Hg(N03).,4-2N04'4H20. 

(Mercuric (Nitric 
nitrate.) oxide.) 

2Hg(N03)2 = 2 HgO + 4 NO, + Oj. 

(Mercuric (Nitrogen 
oxide.) peroxide.) 

Decomposition of ?rd oxide of 7nercury — 

2 HgO — 2Hg4'02. 

,, „ ftitric acid — 

4HNO3-2H2O + 4NO3-I-O2. 

„ „ nitre— 

2KN03 = 2KN024-02. 

(I'olassium (Potassium 
nitrate.) nitrite.) 

Red lead contains more oxygen than litharge, but has not a 
definite composition, and cannot be represented by any exact 
formula. Its preparation and decomposition may be shown 
thus — 

2 Pb 0 -f-.r 02 = 2 Pb 0 i,;„ 

2 Pb 0 i + x-=2Pb04-a'0,„ 

where ar is a fraction which is always less than 0 * 5 . 



CHAPTER IV 

CHALK, LIME, AND THE ALKALIS 

A. Chalk and Lime 

The burning of chalk to lime. — The changes wrought 
by the action of fire have been described (Chapter I, p. 7) 
as leading at an early period to the preparation of tin from 
tinstone, iron from ironstone, and so forth. In addition to 
these metallic ores, a number of rocks were known which 
were converted by burning into a caustic substance, known 
as LIME, which was used in the preparation of mortar. 
Joseph Black (1728-1799), an Edinburgh physican who 
afterwards occupied the chairs of chemistry at Glasgow and 
at Edinburgh, was one of the first to make a careful study of 
these substances. He regarded chalk as the typical source 
of lime, and included in the calcareous class of substances 
“ all those that are converted into a perfect quick-lime in 
a strong fire, such as limestone, marble, chalk and “those 
spars and marls which effervesce with aqua fortis 
(A.CR. I. 10). 

The substance formed by heating clialk has remarkable 
properties. When brought into contact with the skin, it 
produces blisters and wounds resembling those caused by 
fire. Hence it was known as a caustic. This property has 
long been used for removing the hairs from hides in the 
manufacture of leather. The lime drawn from the kilns is 
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described as quickumk because it becomes hot and steamy 
when water is poured upon it ; the soft powder formed when 
the hard lumps of quicklime are wetted with water, or are 
left exposed to the air, is known as slaked lime. Slaked 
lime dissolves easily in acids and to a slight extent in water ; 
the solution in water is known as ijme-water. 

At the time when Black began his investigations, it was 
generally believed that the caustic properties of lime were 
due to the absorption of igneous particles from the fire in 
which it had been burnt ; this view, like the phlogiston 
theory of calcination, was found to be untenable as soon as 
exact quantitative measurements were made. Black’s experi- 
ments were described in a paper “ Experiments upon 
Magnesia Alba, Quick-lime and some other Alkaline 
Substances” (A. C. R. No. 1 .) published in 1755. They 
were of importance on account of his success in solving the 
problem of the relationship between clialk and lime, and also 
because of the stimulus that they gave to exact quantitative 
work. The principal points of this investigation are set out 
in the following paragraphs. 

Chalk loses in weight when burnt to lime owing to 
the escape of fixed air. —-Black found that “a piece of 
perfect quick-lime made from two drams of chalk . . . 
weighed one dram and eight grains” (A. C. R. I. 28), 

120 grains of chalk gave 68 grains of lime, a loss in weight 
of 52 grains, or nearly 44%. This large loss in weight 
could only be due to the escape of a gas, since nothing but 
a little water could be condensed, when chalk was burnt to 
lime in a retort. 

“ That the calcareous earths really lose a large quantity of 
air when they arc burnt to quick-lime, seems sufficiently 
proved by an experiment of Mr. Margraaf. . . He subjected 
eight ounces of [chalk] to distillation in an earthen retort, 
finishing his processs with the most violent fire of a 
reverberatory, and caught in the receiver only two drams of 

E 
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water, which by its smell and properties shewed itself to be 
slightly alkaline ” (A. C R. I. 23). 

Black had himself carried out the experiment of heating 
magnesia (a compound resembling chalk, but more easily 
decomposed by heat), and had “ found only five drams of a 
whitish water in the receiver, although the three ounces 
(24 drams) of magnesia in the retort “ had lost more than 
the half of its weight '^ (A. C. R. I. 15). 

From these experiments it was clear that the burning of 
chalk to lime resulted in the escape of an invisible gas ; to 
this gas Black applied the name fixed air. He regarded 
chalk as “ a peculiar acrid earth rendered mild by its union 
with fixed air.^’ According to his view ; — 

‘‘ When the calcareous earths are exposed to the action of 
a violent fire, and are thereby converted into quick-lime, 
they suffer no other change in their composition than the 
loss of a small quantity of water and of their fixed air. The 
remarkable acrimony which we perceive in them after this 
process, was not supposed to proceed from any additional 
matter received in the fire, but seemed to be an essential 
property of the pure earth (A. C. R. I. 22). 

The contrast between Black’s theory and that which it 
replaced may be expressed by the equations : 

Old theory : Limestone -F phlogiston = lime. 

New theory : Limestone - fixed air — lime. 

Lime combines with water and with fixed air. — In 

the process of slaking, lime combines vigorously with water 
to form slaked lime ; but in presence of fixed air it releases 
the water, recombines with the fixed air and is reconverted 
into chalk. Black writes : — 

“A calcareous earth deprived of its air, or in the state of 
quick-lime, greedily absorbs a considerable quantity of water, 
becomes soluble in that fluid, and is then said to be slaked : 
but as soon as it meets with fixed air it is supposed to quit 
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the water and join itself to the air, for which it nas a 
superior attraction, and is therefore restored to its first state 
of mildness and insolubility in water (A. C. R. 1 . 24). 

The conversion of soluble lime into insoluble chalk was 
thus a test for the presence of fixed air. The test was most 
sensitive when lime-water was used, because the chalk could 
then be seen immediately. But in all important cases 
Black preferred to rely on quantitative experiments in which 
the chalk, after burning to lime, was recovered in such a 
way as to show that the original weight of chalk had been 
reproduced. 

Fixed air is present in common air and in air 
dissolved by water. — By noticing its action upon lime. 
Black was able to show that a small quantity of fixed air 
was dissolved in ordinary water, since : — 

“ When slaked lime is mixed with water, the fixed air in 
the water is attracted by the lime, and saturates a small 
portion of it, which then becomes again incapable of dis- 
solution, but part of the remaining slaked lime is dissolved 
and composes lime-water’' (A. C. R. I. 24). 

The presence of fixed air in common air was also shown 
by its action on lime-water, for : — 

“ If this fluid be exposed to the open air, the particles of 
quick-lime which are nearest the surface gradually attract 
the particles of fixed air which float in the atmosphere. 
But at the same time that a particle of lime is thus saturated 
with air, it is also restored to its native state of mildness 
and insolubility ; and as the whole of this change must 
happen at the surface, the whole of the lime is successively 
collected there under its original form of an insipid 
calcareous earth, called the cream or crusts of lime-water ” 
(A. C. R. I. 24). 

The fixed air forms, however, only a small proportion 
both of ordinary air and of the air which is dissolved in 
water, for (i) “ lime-water, which soon attracts air, and forms 

E 2 
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a crust when exposed in open and shallow vessels, may be 
preserved, for any time, in bottles which are but slightly 
corked, or closed in such a manner as would allow free 
access to elastic air, were a vacuum formed in the bottle,^' 
and (2) under an exhausted receiver the same quantity of 
air escapes from common water, and from water from 
which the fixed air has been removed by the addition of 
lime (A. C. R. I. 30)/ 

Fixed air is liberated from chalk by the action of 
acids. — Although Black was able to show that the loss of 
weight in burning chalk to lime was due to the escape of 
an invisible gas, it did not occur to him to attempt to 
collect the gas, or even to render it visible by causing it to 
bubble through water. But no special methods were 
needed to render obvious the “ violent breaking out of air 
which takes place when chalk is acted on by acids, nor the 
absence of this effervescence when well-burnt quick-lime is 
substituted for chalk. Remembering that 
Chalk — lime + fixed air, 

the contrast between the action of acids in the two cases 
was sufficient to suggest that the gas so easily set free by 
acids must be the same as the fixed air which escapes 
when chalk is burnt to lime. 

It is remarkable that Black did not attempt to test the 
gas by passing it into lime-waterd but apparatus such as is 
now used for this purpose had not yet been devised, and 
the systematic study of gases did not begin until nearly 
twenty years later. 

A very satisfactory proof of the identity of the two gases 
was, however, obtained by showing (i) that the weight of 
gas which escapes is the same, whether the chalk is decom- 
posed by acids or by heating it in a furnace ; and (2) that 
the same weight of acid is required to dissolve the chalk 

^ See footnote, p. 385, for Black’s u^e of lime-water as a test for 
fixed air. 
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before and after burning it to lime. In the first experi- 
ment Black saturated 120 grains of chalk with diluted spirit 
of salt in a long-necked Florentine flask, and found a loss 
in weight of 48 grains, as compared with 52 grains when 
an equal weight of chalk was burnt to lime. In the second 
experiment he found that 120 grains of unburnt chalk were 
dissolved by 42 1 grains of diluted spirit of salt, whilst the 
same quantity of chalk, burnt to quick-lime and slaked with 
an ounce of water, required 414 grains of the acid, but 
dissolved ‘‘without any sensible effervescence or loss of 
weight’^ (A. C. R. 1 . 28). 

Fixed air is present in mild alkalis such as soda and 
potash. — It had been known from early times that the mild 
alkalis resembled chalk in that they effervesced when acted 
on by acids. This property was regarded as a chief 
characteristic of the alkalis, — an idea that is preserved in 
the use of the word “kali ” to descril)e a mixture of sugar 
with a mild alkali and a solid acid, which gives an 
effervescent drink when added to water. As in the case of 
the action of acids on chalk, Black did not test the gas by 
passing it into lime-water, but he obtained an even more 
satisfactory proof of the presence of fixed air in the alkalis 
by showing that they could reconvert lime into chalk 
quantitatively. 'Fhis process had the advantage that it 
rendered the use of an acid quite unnecessary in proving 
the composition of the alkalis. 

“ A piece of perfect quick lime made from two drams of 
chalk, and which weighed one dram and eight grains, was 
reduced to a very fine powder, and thrown into a filtrated 
mixture of an ounce of a fixed alkaline salt, and two ounces 
of water. After a slight digestion, the i)ovvder being well 
washed and dried, weighed one dram fifty-eight grains.^ 
It was similar in every trial to a fine powder of ordinary 

^ i.e. One hundred and twenty grains of chalk gave 68 grains of lime 
from which 118 grains of chalk were recovered by the action of an 
alkali. 
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chalk, and was therefore saturated with air which must 
have been furnished by the alkali (A. C. R. I. 28). 

B. The Alkalis. 

Mild alkalis are made caustic by the removal of fixed 
air. — The preparation of caustic alkalis by the action of 
caustic lime on the mild alkalis, soda and potash, was 
described by Geber. The caustic liquid ^ thus prepared 
was used from an early period in the manufacture of soap by 
the action of the hot alkali on fat ; it was, therefore, generally 
called a “ soap lye.” Its caustic properties had been 
attributed to lime dissolved in it ; but Black was not able 
to prepare from it any trace either of chalk or of gypsum ; 
he therefore concluded that “ the acrimony of the caustic 
alkali does not depend on any part of the lime adhering to 
it” (A. C. R. I, 26). 

On the other hand. Black found that a mild alkali made 
caustic by lime was acted on by acids “ without the least 
effervescence or diminution of weight” (A. C. R. I. 32) nor 
did it produce more than a slight cloudiness with lime-water. 
The caustic alkali, when properly prepared, was thus free 
both from lime and from fixed air. 

The action of lime in rendering the alkali caustic was 
therefore due, not to its ability to dissolve in the liquid or 
to impart to it some fiery principle which it had acquired in 
the lime-kiln, but on the contrary to its property of remov- 
ing from the alkali the fixed air which had rendered it mild. 

Caustic alkalis are rendered mild by exposure to air. — 
Black found that after a fortnight's exposure to the air in an 
open shallow vessel his caustic alkali “ became entirely mild, 
effervesced as violently with acids, and had the same effect 
upon lime water as a solution of an ordinary alkali” 

* A very hellish spirit, in which great mysteries lie hid” (Basil 
Valentine, Last Will and Testament^ p. 302). 
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(A. C. R. I. 32). The caustic alkali therefore resembled 
slaked lime in its power of absorbing fixed air from the 
atmosphere, but differed from it in its much greater 
solubility in water. 

On account of their great solubility the caustic alkalis 
had not been isolated previously. Black attempted to 
separate them by evaporating the caustic lye in an earthen- 
ware bowl, but found tliat the inside of the bowl became 
corroded and pitted with holes. By using a silver dish, 
however, he succeeded in evaporating all the water, and 
obtained the caustic potash as a fused mass which solidified 
on cooling, but dissolved again on adding a small quantity 
of water (A. C. R. I. 33). 

At a later date, strong solutions of the caustic alkalis 
were used in order to absorb (and so to collect and weigh) 
fixed air from various sources, the greater concentration of 
the solutions enabling them to take up much more fixed air 
than in the case of lime-water; but Black, at that date, did 
not understand the manipulation of gases, and had no 
opportunity of making use of this valuable quality. 

The alkalies are not easily decomposed by heat. — 
From the above observations it was clear that the relation- 
ship between the mild and caustic alkalis w^as much the 
same as that between chalk and slaked lime. Soda and 
potash were closely analogous to chalk, from which they 
differed chiefly in being soluble in water ; whilst caustic 
soda and caustic potash were similar to slaked lime, but 
differed from it in their extraordinary solubility in water. 

As potash parts with its fixed air so readily when mixed 
with lime, it seemed probable “that alkalis might be 
entirely deprived of their air, or rendered perfectly caustic, 
by a fire somewhat weaker than that which is sufficient to 
produce the same change ” in chalk (A. C. R, I. 37). This 
was found not to be the case : potash was “ exposed, for 
several hours, in a covered crucible,” to the action of a 
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strong fire, black lead being added to soak up the potash 
and so prevent it from corroding the vessel ; the potash 
was found to “ lose a part of its air, and acquire a degree of 
causticity,^’ but this was only slight, and it was not found 
possible to convert the alkalis into a perfect caustic by the 
action of heat alone. Black points out, however, that “ the 
alkali newly obtained from the ashes of vegetables is 
generally of the more acrid kind ” (A. C. R. L 39) owing 
to its partial conversion into a caustic alkali during 
calcination. 

The caustic alkalis, prepared in the form of solutions, 
evidently correspond with slaked lime rather than with 
quick-lime. But they are even less easily decomposed by 
heat than the mild alkalis ; the form of the alkali corre- 
sponding with quick-lime is therefore very difficult to prepare, 
and was not discovered until Davy (Chapter XII) had 
succeeded in isolating from the alkalis the very refractory 
metals which they contain. 

Sal volatile is a mild alkali : spirit of hartshorn is a 
caustic alkali. — It had long been known that sal ammoniac, 
the volatile salt described in Chapter I, could be converted 
into a volatile alkali, sal volatile, by heating it with soda 
or potash. This volatile alkali resembled the fixed alkalis 
in that it effervesced when acted upon by acids. In this 
action the volatile alkali was reconverted into a salt ; for 
instance, sal ammoniac could be formed from sal volatile 
and spirit of salt. These facts were cited by Mayow in 
1674 to prove that the alkali as well as the acid still exists 
in the salt prepared by mixing them. 

“ Although [acids] and alkalis pass into a neutral 
substance when they meet, yet they do not, as is generally 
supposed, entirely destroy each other. For example, when 
the acid spirit of salt is coagulated with a volatile 
[alkali] .... although the mixed salts seem to be des- 
troyed, yet they may be separated from each other with 
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their forces unimpaired, as takes place when sal ammoniac 
.... is distilled with salt of tartar [/>., [)otash] (A. C. R. 
XVII. i6o). 

When sal ammoniac is acted on by lime a pungent gas 
is liberated, to which, at a comparatively late date, the 
name of ammonia was given. During the alchemistic period 
this pungent vapour was (like spirit of salt) known only in 
the form of a solution which was called the volatile spirit 
OF SAL ammoniac. It was also prepared by distilling horn, 
and was therefore known as spirit of hartshorn.^ 
Priestley, who was the first to collect spirit of salt as a gas 
over mercury, was also the first to collect ammonia in the 
gaseous state (sec Chapter V). 

Black showed that the “mild spirit of sal ammoniac” 
(described above as sal volatile) could be rendered caustic 
by removing its fixed air with the help of magnesia ; it 
then “emitted a most intolerably pungent smell,” effervesced 
only slightly with acids, and jiroduced only a turbidity 
when mixed with lime-water. It was therefore evident that 
the pungent gas was a caustic alkali which could be rendered 
mild by union with fixed air. Final proof of these facts 
was supplied when Priestley showed that gaseous ammonia 
could be combined with fixed air to produce solid sal 
volatile, whilst with gaseous spirit of salt it united to form 
sal ammoniac. 

C. Preparation of New Earths. 

Earths can be prepared from salts by the action of 
alkalis. — At the close of Chapter II it was shown how the 

^ “Of the spirit and oil of Harts-horn. — Take Harts-horn, cut it 
with a saw into pieces, of the bigness of a finger, and cast in one at 
a time into the aforesaid distilling vessel, and when the spirits are 
settled, then another, and continue this until you have spirits enough : 
and the vessel being filled with the pieces that were cast in, take tliem 
out with the tongs, and cast in others, and do this as often as is 
needful.”— (Glauber, Philosophical Furnaces^ Part 11. ; IVorhs, I. 51 ) 
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discovery of the acids led to the preparation of a number of 
new salts. It may now be pointed out how the alkalis were 
used from a very early period to prepare earths, or bases, from 
the salts in which they were combined. Thus it was found 
that gold, which could not be converted into a calx by 
heating, was transformed into an earth by dissolving it in 
aqua regia and precipitating again with an alkali. This 
earth was decomposed when heated, leaving behind a resi- 
due of “ revivified metal. By employing similar methods, 
silver (which likewise resisted calcination) was converted 
into an earth from which the metal could be recovered by 
the action of heat. At a much later date these unstable 
earths were used by Scheele for the preparation of oxygen. 
The earth prepared by precipitating gold from its solutions 
by means of the volatile alkali, exploded violently w'hen 
heated, and was called aurum fulminans or fulminating 
GOLD ; its composition is discussed in Chapter XII. 

These actions were discussed by Mayow, who suggested 
that the metallic earth was precipitated because the acid 
had left it in order to combine with the stronger alkali, just 
as in the action of oil of vitriol on nitre the alkali of the 
nitre left it in order to combine with the stronger acid of 
the vitriol. 

Preparation of magnesia from Epsom salts. — T’he paper 
“On Magnesia Alba,” in which Blacks experiments on 
chalk and lime are described, derived its name from a white 
earth, prepared by the action of alkalis on a variety of saline 
liquids, and used as a mild aperient. It was first made from 
MOTHER OF NITRE, the mother liquor left after crystallising 
out saltpetre ; it w^as here present in combination with nitric 
acid, which could be removed either “ by the addition of an 
alkali which attracted the acid to itself” or “ by exposing 
the compound to a strong fire in which the acid was 
dissipated” (A.C.R. I. 6). Black prepared it from “the 
bitter saline liquor called bittern, which remains in the 



IV CHALK, LIME, AND THE ALKALIS 59 

pans after the evaporation of sea-water,” but he “ afterwards 
made use of a salt called epsom salt, which is separated 
from bittern by crystallisation, and is evidently composed of 
magnesia and the vitriolic acid (A. C. R. 1 . 7). 

The magnesia prepared with the help of an alkali 
effervesced with acids in just the same way as chalk, but 
gave rise to a totally different series of salts ; in particular it 
was dissolved by oil of vitriol, reproducing the Epsom salt 
from which it had been prepared, instead of giving a 
sparingly soluble residue of gypsum. 

Like chalk, it was decomposed by heat, its weight 
decreasing to a remarkable extent. The product resembled 
lime in dissolving without effervescence in acids, but differed 
from it in that it could not be slaked, and was not soluble 
in water. 

“ An ounce [480 grains] of magnesia was exposed in a 
crucible for about an hour to such a heat as is sufficient to 
melt copper. When taken out, it weighed three drams and 
one scruple [200 grains], or had lost 7/12 of its former 
weight.” 

“ I repeated, with the inagnesia prepared in this manner, 
most of those experiments I had already made upon it 
before calcination, and the result was as follows : 

“ It dissolves in all acids, and with these composes salts 
exactly similar to those described in the first set of 
experiments : but what is particularly to be remarked, it is 
dissolved without any the least degree of effervescence ” 
(A. C. R. I, 14). 

This decomposition could be effected in a glass retort, 
but although the magnesia ‘‘ lost more than the half of its 
weight,” only 5 drams of water could be collected from 
24 drams of the earth. 

“ We may, therefore, safely conclude, that the volatile 
matter lost in the calcination of magnesia, is mostly air ; 
and hence the calcined magnesia does not emit air, or make 
an effervescence, when mixed with acids.” 
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The work upon “ magnesia ” was of special im[)ortance 
because it provided Black with the knowledge which 
enabled him to solve the more difficult problem of the 
relationship between chalk and lime. 

Preparation of an earth from alum. — Black also made 
use of the alkalis in order to separate from alum an 
earth to which the name of alumina was afterwards given 
'Fhis earth is present in the alum as a vitriol, or sulphate. It 
does not combine with fixed air, and this gas is therefore set 
free when the alum is precipitated by means of a mild alkali. 

Preparation of earths from salts by heat — A second 
method of preparing earths from salts, which was practised 
from the earliest ])eriod of alchemy, depended on dissipating 
the acid of the .salt by heat. When salts were thrown into a 
charcoal fire, or were distilled from a retort, it was often 
found that an acid vapour e.scaped, leaving behind an earthy 
residue to which the name of caput mortuum was given. 
Amongst the salts distilled in this way were green vitriol and 
alum, both used in the preparation of oil of vitriol ; the 
residue of “ colcothar from the green vitriol was a red-brown 
earth somewhat resembling rust ; the alum left behind a 
whitish residue of alumina. The nitrates were also 
frequently decomposed, as for instance, in the preparation of 
“ red precipitate ’’ by heating nitrate of mercury. Black 
prepared magnesia in this way from mother of nitre ; and 
Boyle in 1680 III, 372) prepared an alkali 

from sea-salt by converting it into a nitrate and igniting this 
with charcoal. As a further illustration, it will be showm in a 
later chapter that fixed air may be regarded as an acid, and 
the decomposition of chalk by heat as that of a salt into 
acid and base. 

The method of decomposing salts by heat, although very 
simple, was not always available. Some salts w^ere not 
changed in the fire ; others (such as sal-ammoniac and salt) 
were dissipated without leaving any residue : in the case of 
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silver and gold the residue left on heating a salt often con- 
sisted of the revivified metal. In cases such as these the 
base of the salt could only be separated with the help of an 
alkali. 


Summary and Supplement 
A. CHALK and LIME 

Joseph Black (1728-1799), in his ‘‘Experiments upon Mag- 
nesia Alba, Quick-lime, and some other Alcaline Substances,” 
read in June 1755, showed 

(1) That chalk loses in weight by aboiu 44 per cent, when 
burnt to lime. 

(2) That, as nothing but a trace of water could be condensed 
by cooling the vapour (Margraaf), this loss in weight must be 
due to the escape of gas, to which he gave the name fixed air. 

(3) That lime combines with water to form slaked lime, but 
releases it when it re-combines with fixed air to form chalk. 

(4) That fixed air is present in small cpiantilies in common 
air and in air dissolved in water. 

(5) That fixed air is liberated from chalk by the action of 
acids ; apart from this liberation of gas, the action of acids upon 
chalk and lime is identical both tjualitatively and quantitatively. 

These changes may be represented by the following equa- 
tions : 

of chalky CaC03 Ca0-fC02 

chalk lime + fixed air 

(Calcium (Calcium (Carbon 

carbonate.) oxide.) dioxide.) 

Slaking of li/ncy CaO-f OH2 Ca(OH)2 

lime 4* water slaked lime 

(Calcium hydroxide.) 

A Clio n of fixed air on slaked lime — 

Ca(OH)2 + CO.2 CaCOg-f OH2 
slaked lime + fixed air ^ chalk + water 

Aclion of acids on chalky slaked lime^ and quicklime — 

I'CaCOs 4- H 2 SO 4 CaS04 + 11204-002 
I. Oil of vitrioA Ca(0H)2 + H2S04 CaS04 + 2H20 

ICaO +H2SO4 CaS04 + H20 
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In each case, if dilute acid is used, solid gypstan or selenite^ 
CaS04,2H20, is produced. 

rCaCOa +2HCI CaClg + HgO-f CO^ 

2. Mtiriaiic add | Ca (0 H )2 + 2 HCl CaClg + 2 HgO 

ICaO +2HCI CaCla + H^O 

In each case a solution of muriate of lime (calcium chloride, 
CaCl.^) is produced. 

H. THE ALKALIS 

Boyle recognised an alkali by the facts that “ it had a fiery 
taste upon the tongue,” that it would “ make an ebullition with 
acid spirits and precipitate diverse spirits made with them ” and 
would “turn syrup of violets green ” {Produdbleness of Chymical 
Prindpies^ 1680, pp. 35 and 37 ; Wor/eSy 1725, III. 372-373). 

Black’s observations on the alkalis are set out \\ith modern 
equations in the following paragraphs : 

1. Jlfild alkalis contain fixed air since they are able to 
re-convert lime into chalk — 

KXO3 + Ca(OII)2 2KOH -f CaCOg 

potash + slaked lime caustic potash + chalk 

(Potassium (Calcium (Potassium (Calcium 

carbonate.) hydroxide.) hydroxide.) carbonate.) 

2. The caustic alkali which is produced in this action con- 
tains neither lime nor fixed air. It is very corrosive, but can be 
separated by evaporating in a silver dish. 

3. The caustic alkali absorbs fixed air from the atmosphere, 
and is rendered mild thereby — 

2K0H-fC02 K2CO2 + H2O. 

4. The caustic alkalis, unlike the mild alkalis, do not effer- 
vesce with acids, eg.— 

KOH -f HCl KCl -t-HgO 

caustic potash -f muriatic acid sal sylvii-t- water 
KaCOg-t- 2HCI CO2 + 2KCI + H2O 

potash + muriatic acid ->fixed air-P sal sylvii f water 

5. Sal volatile is a mild alkali, which can be rendered caustic 
by means oflime— 

(NH3)2C02 + Ca 0 -> 2NH3 -fCaCOg 
sal volatile -f- lime ammonia + chalk 

(Ammonium carbamate.) 
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C. PREPARATION OF EARTHS. 

Black prepared magnesia alba (magnesium carbonate, 
MgCO^) by the action of alkalis on — 

1. Mother of nitre (containing magnesium nitrate), 

' Mg(N 0 ,) 2 +K 2 C 03 MgC 03 + 2 KN 03 

2 . Bittern (containing magnesium chloride), 

MgCl2+K2C03 MgC03 + 2KCl. 

3 . Epsom salts (magnesium sulphate), 

MgS()4-f K 2 CO 3 ^ MgC03+K2S04. 

This magnesia is easily decomposed by heat, liberating fixed 
air and losing more than half its weight, 

MgC03 MgO 4-002. 

It effervesces with acids, but after it has been burnt it dis- 
solves without effervescence, 

MgC034-H2S04 MgS 04 4-H20 4C02 
Mg04-H2vS04 MgS 04 +H 20 

Magnesia, free from fixed air, was also prepared by igniting 
the nitrate. 


2Mg(N03)2 2Mg04-4N024-0a. 



CHAPTER V 
thp: study of gases 

A. Fixed Air and Inflammable Air 

Van Helmont recognises the existence of gases diffe- 
ring from ordinary air.— The fact that metals, insoluble 
in most liquids, are dissolved by acids, was known and 
used from very early times. The liberation of gases during 
this process must have been noticed from the first, but it 
was not until the latter part of the seventeenth century that 
any attempt was made to collect and examine these volatile 
products. Van Helmont (1577-1644), to whom we owe 
the name of “ gas,” recognised the existence of a poisonous 
GAS SYLVESTRE, i.c, “ wood-gas,” which possessed the power 
of extinguishing a lighted candle ; he detected it in the air 
of a cavern, in the fumes from a charcoal fire, and as a 
product of the fermentation of wine and beer ; he also 
recognised what he thought to be the same gas as a product 
of the action of nitric acid on silver, and of distilled vinegar 
on chalk. In contrast to this, he found in the large intes- 
tine, and as a product of the fermentation ot\ dung, an 
inflammable gas to which he applied the name g .s pingue. 
The names used by van Helmont were applied 'eroadly to 
two types of gas, analogous with the “choke-damp” and 
“fire-damp” of miners ; no attempt was made to disting 

64 i 
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between one inflammable gas and another, or between one 
poisonous gas and another. 

Gases collected over water by Mayow (1674).— A few 

years later, about 1674, the familiar method of collecting 
gases over water was described by John Mayow, who used 
it both for investigating the reduction in volume of air 
during burning and breathing, and for examining gases 
prepared artificially.^ For the latter purpose Mayow used a 
flask inverted in a trough filled with diluted oil of vitriol 
(Fig. 14, p. 33). d'he gas was produced by the action of 
the acid on two or three iron spheres in the neck of the 
flask. When nitric acid was used, much of the gas dissolved 
in the liquid, and repeated action of the acid on the metal 
was needed to fill the flask with ga.s. With oil of vitriol no 
such contraction occurred. Mayow proved that these gases 
possessed the same elastic properties as air,‘^ and that, when 
added to a limited volume of ordinary air, they did not in 
any degree prolong the life of a mouse confined in it ; but 
no other tests were made, and Mayow could not be certain 
“whether air of this kind is really common air or not"' 
(A. C. R. XVI L 1 13). 

Cavendish prepares “Factitious Air” (1766). — Nearly 
100 years intervened between the {lublii ations of Hoyle and 
Mayow and the ap[)earance in the Philosophical Transac- 
tio 7 is of the Royal Society 1766 of a remarkable series 
of three papers by the Honourable Henry Cavendish 
(1731-1810) entitled “Experiments on Factitious Air.” 
Black had already investigated the part played by “fixed 
air” in the burning of chalk to lime, and in other related 
processes. But although he showed that fixed air was 
present in the atmosphere, he did not attempt to collect or 

^ As described by Boyle in 1660 {WorkSy 1725, D. 432). 

Boyle’s tract “ Touching the Spring of Air and its Effects” (1660) 
had recently appeared, so that this point was of special interest at 
the time (see Chapter XV. p. 320). 


F 
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handle it. It was therefore left to Cavendish to make the 
first careful examination of those gases whose existence had 
been vaguely recognised during the preceding one hundred 
and fifty years. Cavendish writes : 

“ By factitious air, I mean in general any kind of air 
which is contained in other bodies in an unelastic state, 
and is produced from thence by art.’^ 

“ By fixed air, I mean that particular species of factitious 
air, which is separated from alkaline substances by solution 
in acids or by calcination ; and to which Dr. Black has 
given that name in his treatise on quick-lime” (/V// 7 . 
Trans .^ 1766, 56 , 14 1). 

Describing next the action of acids on metals he writes : 

“I know of only three metallic substances, namely, zinc, 
iron and tin, that generate inflammable air ^ by solution in 
acids ; and those only by solution in the diluted vitriolic 
acid, or spirit of salt.” 

“ Zinc dissolves with great rapidity in both these acids ; 
and, unless they, are very much diluted, generates consider- 
able heat. One ounce of zinc produces about 356 ounce 
measures of air : the quantity seems just the same whichever 
of these acids it is dissolved in. Iron dissolves readily in 
the diluted vitriolic acid, but not near so readily as 
zinc. One ounce of iron ware produces about 412 
ounce measures of air : the quantity was just the 
same, whether the oil of vitriol was diluted with i|, or 
7 times its weight of water ; so that the quantity of air 
seems not at all to depend on the strength of the acid ” 
{ibid., p. 144). 

Inflammable air was also obtained by the action of spirit 
of salt on iron, but the quantity was not measured. One 
ounce of tinfoil dissolved in strong spirit of salt yielded 
202 ounce measures of inflammable air ; the same gas 
was also produced slowly by the action of vitriol on tin. 

' The name “inflammable air ” is here used for the first time. 

2 The “ounce-measure” as used by Cavendish was the volume 
occupied by an ounce of water. 
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The identification of infiammable air and fixed air 
by Cavendish. — To Cavendish belongs the credit of intro- 
iducing the method of identifying gases by careful measure- 
ments of their physical properties. For this purpose he 
measured the density of inflammable air and of fixed air 
from various sources ; in the case oT fixed air the solubility 
in water was also found. The densities were measured by 
filling a bladder with the gas, and finding the change in 
weight when the bladder was emptied. If the gas was 
heavier than ordinary air the bladder became lighter when 
emptied, but if the gas was lighter than air a gain in weight 
was observed. In either case the density of the gas was 
calculated from the known weight of the bladder-full of 
air, and the change of weight on emptying the bladder. 

In the case of inflammable air a gain of weiglU was 
observed amounting in four experiments to 4o|, 40 41 h 
and 41 grains, when using 80 ounce-measures of gas pre- 
pared by the action of zinc on vitriolic acid and on spirit 
of salt, of iron on oil of vitriol, and of tin on spirit of salt 
respectively. The gas produced by the four methods was 
therefore the same ; as air was 800 times lighter than water, 
80 ounce-measures of common air weighed 80 x 480 ^ 800 = 

48 grains ; the same volume of inflammable air weighed 
48 - 41 == 7 grains ; this gas was therefore 48 7 = 6*9 times 

lighter than common air or 80 x 480 7 = 5490 times lighter 

than water. 2 

In the case of fixed air there was a /oss in weight of 
34 grains on a volume of 100 ounces ; the air weighed 
100 X 480-- 800 = 60 grains ; the fixed air weighed 60 + 34 = 
94 grains; it was therefore times heavier than air or 

51 1 times lighter than water.^ The values for fixed air 
were trustworthy ; those for inflammable air were un- 

^ 480 grains =1 ounce. 

® The correct values are ; for inflammable air, 14*4 and 11600; for 
fixed air, i *53 and 530. 

F 
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trustworthy, because they depended so largely exact 

knowledge of the density of the common air displacd, 
the bladder, taking the density of common air as beings 
850 (instead of 800) times less than that of water, Cavendish 
found inflammable air to be “9,200 times lighter than 
water, or lo/^^ lighter than common air.’’ 

Cavendish devises a new method of 
weighing gases.— In order to oven'ome 
this difficulty Ca\endish devised a method 
of weighing directly the gas liberated by 
the action of acids on a known weight of 
metal or chalk. If the volume of the gas 
had been determined in a separate ex- 
periment the density could easily be calcu- 
lated. Cavendish writes : 

“ I endeavoured to find the weight of the 
air discharged from a given quantity of 
zinc by solution in the vitriolic acid in the 
manner represented in [big. 17.] A a 
bottle filled near full with oil of vitriol 
diluted with about six times its weight of 
water : B is a glass-tube fitted into its 
mouth and secured with lute : ^ C is a 
glass cylinder fastened on the end of the 
tube, and secured also with lute. ddie 
cylinder has a small tube at its upper end 
to let the inflammable air escape, and is 
filled with dry pearl-ashes'*^ in coarse powder. 
The whole apparatus together with the zinc, which w'as 
intended to be put in, and the lute which was to be used 
in securing tlie tube to the neck of the bottle, were first 
weighed carefully; its weight was 11930 grains. The zinc 
was then put in, and the tube put in its place. By this 

^ “The lute used for this purpose .... is composed of almond 
powder, made into a paste with glue, and beat a good deal with a 
heavy hammer. This is the strongest and most convenient lute I know 
of” d/.f p. 143, footnote). 

® /<?., potash. 
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means the inflammal)le air was made to pass through the 
dry pearl-ashes ; whereby it must have been pretty effec- 
tively deprived of any acid or watery vapours that could 
have ascended along with it (Phil, Iratis, 1766, 56 , 153). 

The loss in weight was ii| grains, but one grain of this 
was due to the displacement of the common air in the 
bottle by inflammable air ; the true weight of the inflam- 
mable air was therefore io| grains. 

The weight of zinc used in this experiment was 254 grains. 
A previous experiment (p. 66) had shown that one grain 
of zinc gave 356 grain-measures of inflammable air. 
The volume from 254 grains would therefore be 
254x356 = 90^24 grain-measures of gas. 

By combining the two experiments it was seen that 
10^ grains of the gas occupied the same volume as 
90424 grains of water. The gas was therefore 8410 times 
lighter than water, or loi times lighter than common air. 

Cavendish determines the weight of fixed air set 
free by the action of acids on chalk and the alkalis. — 
The .same method was a{)plied to find the weight of fixed 
air liberated by acids from various .substance.s, blotting- 
paper being substituted for the pearl-ashes because the 
greater weight of gas demanded less careful drying. 
Cavendish found that : 

1000 parts of marble lost 407 parts of fixed air. 

1000 parts of sal volatile lost 528 to 538 parts of fixed air. 

1000 parts of pearl-ashes lost 284 to 287 parts of fixed air. 

1000 parts of a crystalline salt obtained by saturating 
pearl-ashes with fixed air lost 423 parts of fixed air. 

The quantity of acid required to liberate the fixed air 
from each substance was also measured, and com{)ared with 
the w’cight of fixed air set free. It w\as found that the acid 
which liberated 100 parts of fixed air from marble set free 
109 parts from pearl-ashes, 217 from sal volatile, and 
21 1 parts from the crystals prepared by the action of fixed 
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air on potasli ; the two latter compounds thus contained 
twice as much fixed air, relatively to their neutralising 
power, as the two former. 

Cavendish measures the solubility of fixed air. — In 

the case of fixed air, its solubility in water was measured 
and used to identify the gas. Cavendish states that : 

“ Water when the thermometer is about 55° will absorb 
rather more than an equal bulk.” “ Water heated to the 
boiling point is so far from absorbing air, that it parts with 
what it has already absorbed” (TV///. Trans. ^ 1766, 56 , 163). 

The gas was also lost by exposure to air. 

By measuring the solubility, as well as the density, 
Cavendish was able to prove that the gas set free during 
fermentation was identical with fixed air prepared from 
chalk and the alkalis. 

In his investigation of fixed air Cavendish introduced the 
method of storing over mercury the gas which he had col- 
lected by the displacement of water from an inverted bottle. 
This use of mercury in place of water for manipulating 
soluble gases proved to he of very great value in Priestley’s 
experiments a few years later. 

B. Gases Derived From Nitric Acid. 

Priestley’s work on gases. — Whilst Cavendish was the 
first to make accurate measurements of the physical pro- 
perties of gases, the di.scovery of their chemical properties 
was mainly the work of Priestley. The state of knowledge 
when Priestley began his work upon gases is described in 
the following paragraphs : 

** Van Helmont, and other chymists who succeeded him, 
were acquainted with the property of some vapours to suffo- 
cate, and extinguish flame, and of others to be ignited . . . 
But they had no idea that the substances (if, indeed, they 
knew that they were substances., and not merely properties ^ 
and affections of bodies which produced those effects) were 
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capable of being separately exhibited in the form of a 
per 7 nanently elastic vapour^ not condensible by cold, to 
which I give the name of «/>, any more than the thing that 
constitutes S7nelL In fact they knew nothing at all of any 
air besides C077i77i07t air, and therefore they applied the term 
to no other substances whatever. 

Mr. Boyle was, I believe, the first who discovered that 
what we now call fixed air, and also i7tfla7n7)iable air, are 
really elastic fluids, capable of being exhibited in a state 
unmixed with common air ... . 

“Besides these two kinds of factitious air, that which I 
call nitrous air ohimdtd itself upon Dr. Hales; but even 
he had no idea of there being more than 07ie kmd of air, 
loaded with different vapours ; and was far from imagining 
that they differed from one another so very essentially as 
they are now known to do. And though Mr. Boyle, Dr. 
Hales, and others, could not but be acquainted with the 
effluvium of spirit of salt, and also of volatile alkali, they 
could have no idea that the substance which had those 
powers was capable of being separated from common air, 
and of being exhibited free from moisture, in the form 
of a permanently elastic vapour, to appearance exactly 
like that which constitutes the common atmosphere .... 

“ Even Mr. Cavendish, whose experiments relating to air 
immediately preceded my own, appears not to have had so 
much as a suspicion of this kind. For he relates an 
experiment of his, on the solution of copper in the marine 
acid, as inexplicable, except on the hypothesis of there being 
a kind of air that lost its elasticity by the contact of water, 
which admits of the easiest solution imaginable, on the 
supposition of the spirit of .salt emitting a vapour, which 
though capable of being confined by quicksilver, and of 
being by that means exhibited in the form of air, was 
instantly absorbed by water, which would thereupon become 
possessed of all the properties of common spirit of salt. 

“ In fact, none of the chymists appear to have had the 
least idea of its being even possible to separate the acid or 
alkaline principles from the water with which they are 
always found combined ; and therefore, though they did 
suppose them capable of further co7icentrution, they still 
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considered a certain portion of water as absolutely essential 
to them ; and conseciiienlly all the experiments that have 
hitherto been made on the affinities of the acids, and alkalis 
are, in fact, nothing more than the affinities of compound 
substances, consisting of acids or alkali^ and ivater. I have 
been so particular in stating these historical facts, for the 
sake of those chymists who can see nothing neiv in my 
experiments on the several acids and alkali, divested of 
7 vater^ and exhibited in the form of air ” {^Experiments on 
Air^ 1777? Vol. III. pp. 325 et seg.). 

Priestley (1772) prepares and examines nitrous air. ™* 

The gaj> which Boyle prepared by the action of iron on nitric 
acid was dismissed by Cavendish with the remark that iron, 
zinc and tin, “dissolve readily in the acid and generate air ; 
but the air is not at all inflammable.” Priestley, however, 
after examining fixed air and inflammable air, proceeded to 
make a detailed study of this action. By dissolving various 
metals (amongst them brass, iron, copper, tin, silver, mercury) 
in nitric acid, Priestley collected over water a colourless gas, 
which he named nitrou.s air. {Experiments on Air, 1774, 
I. 109). I'hegas was noxious to animals, and extinguished a 
lighted taper. But it differed from fixed air in that it did 
not precipitate lime-water and was only slightly soluble in 
common water; water, he .say.s, “absorbs one-tenth of its 
bulk of nitrous air.” The gas is, however, freely soluble in 
a solution of green vitriol in water, which can be made to 
“absorb more than ten times its bulk of nitrous air, without 
any sensible approach to saturation.” {Experhmmts and 
Ohscf'vations, 1779, IV. 48) ; this fact was afterwards used 
by Humboldt and by Davy to test the purity of diiterent 
samples. The solution in which the gas has been absorbed 
“ becomes of a very dark colour ; but becomes green again 
on being exposed to the open air ” {Experiments on Air, 
1777,111. Preface p. xxxiii). Davy showed that the green 
colour could be restored and pure nitrous air recovered 
by gently heating the solution ( Works, III. 99). 
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Priestley studies the combination of nitrous air with 
common air and with oxygen. —The most remarkable 
property of nitrous air was that of combining with common 
air to form brown nitrous fumes ^ which dissolved at once 
in water. Priestley made a careful study of this action and 
showed that the diaiinution of volume occasioned by the 
addition of an c(pial volume of nitrous air could be used 
to measure the goodness of common air. Speaking of 
nitrous air he says : 

“One of the most conspicuous properties of this kind of 
air is the great diminution of any quantity of common air 
with which it is mixed, attended with a turbid red, or deep 
orange colour, and a considerable heat ” 

“ 'Ehc diminution of a mixture of this and common air is 
not an etjual diminution of both the kinds . . . but of about 
one-fifth of the common air, and as much of the nitrous air 
as is necessary to prodiK'c that effect ; which, as I have 
found by many trials, is about one-half as much as the 
original quantity of common air. . . 

“If, after this full saturation of common air with nitrous 
air, more nitrous air be put to it, it makes an addition equal 
to its own bulk, without producing the least redness, or any 
other visible effect. . . 

“ It is exceedingly remarkable that this efferv(}scence and 
diminution, occasioned by the mixture of nitrous air, is 
peculiar to common air, or air fit for respiraiio?2 \ and, as 
far as I can judge, from a great number of observations, is 
at least very nearly, if not exactly, in proportion to its fitness 
for this purpose ; so that by this means the goodness of air 
may be distinguished much more accurately than it can be 
done by putting mice, or any other animals, to breathe in it’^ 
{Expert fnerits on Air, 1774,*^ 1 . 110-115). 

^ These fumes were generally regarded as the vapour of nitric acid ; 
Priestley described them as “nitrous acid vapour,” Davy (1800) as 
“ nitrous acid gas,” Gay-Lussac in 1809 as “ nitric acid ” and in 1816 
as “nitrous acid”; in order to avoid confusion, the term “nitrons 
fumes” is used in the succeeding pages. The name “ nitrogen per- 
oxide ” was not introduced until about 1850. 

® The first part of Vol. I., published in 1774, describes experiments 
carried out in 1772. 
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Priestley tests the goodness of common air by mixing 
it with nitrous air. — Priestley’s method of testing air 
was described in detail a few years later as follows : — 

‘‘ I first provide a phial, containing about half an ounce 
of water, which I call ihe air-measuf'e. This I fill with air 
by having first filled it with water, and placed it over the 
opening of the funnel in my shelf, and when it is filled I 
slide it along the shelf, always observing that there be a 
little more air than I want. 'The phial being thus exactly 
filled with the air which I am about to examine, and care 
being taken that it be not warmed by holding in the 
hand, ^c. I empty it into a jar about an inch and a half 
in diameter, and then introduce to it the same measure of 
nitrous air, and let them continue together about two 
minutes. I choose to have an overplus of nitrous air, that 
I may be sure to have phlogiston enough to saturate all the 
common air. If I find the diminution with these measures 
to be very considerable, I introduce another measure of 
nitrous air ; but the purest dephlogisticated air will not, I 
believe, require more than two equal measures of nitrous 
air.” 

“Sometimes I leave the common and nitrous air in the 
jar all night, or a whole day ; but always take care that, 
whatever kinds of a.r I be comparing together, they remain 
the same space of time before I proceed to note the degree 
of diminution.” 

“ When the preceding part of the process is over, I 
transfer the air into a glass tube, about three feet long, and 
one-third cf an inch wide., carefully graduated according to 
the air measure, and divided into tenths and hioidredih 
parts ; so that one of the latter will be about a sixth or an 
eighth of an inch. Then immersing the tube in a trough of 
water, so that the water in the inside of the tube shall be on 
a level with the water on the outside, I observe the space 
occupied by them both, and express the result in measures 
and decimal parts of a measure^ according to the graduation 
of the tube” [Experiments and Observations^ ^779) IV. 
Introduction, pp. xxx. — xxxii.). 

Using this method, Priestley in 1772 thought he perceived 
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a slight inferiority in the air of his study as compared 
with that outside, and in a sample of air from York as com- 
pared with that of Leeds. 

Two years later he discovered the gas, richer than com- 
mon air, to which Lavoisier gave the name oxygen. On 
adding nitrous air to the gas prepared from red precipitate 
or from mercury calx, he found that it was about five limes 
“as good as the best common air” he had ever tested. 

It was soon recognised that the diminution of volume of 
common air was due to the absorption of oxygen, but the 
variations which Priestley thought he had found in the 
behaviour of different samples were proved to be due to 
experimental errors. The careful experiments made by 
Cavendish in 1783 showed that the composition of air 
is remarkably constant, the value found for 100 volumes 
of air being : 

Diminution by nitrous air (oxygen) 20*84 volumes. 

Residue (azote) 79*16 volumes. 

The graduated glass tube which Priestley used for 
measuring the goodness of air is still known as a 
EUDIOMETER (Greek cv, goody fxtrpovy a ineasure ; see 
Priestley, Experiments o?t Air, 1777, III. 379 and 380). 

Priestley (1777) describes the properties of nitrous 
fumes. — On account of their solubility and corrosive pro- 
perties, the lirown nitrous fumes produced by combination 
of nitrous air with oxygen, or by the action of strong nitric 
acid on metals, could not be collected by the methods which 
Priestley employed for other gases. He was, therefore, 
obliged to collect the gas by displacing the air from narrow- 
necked flasks provided with glass stoppers. This gas, as 
Priestley prepared it by the action of nitric acid upon 
bismuth, was obviously contaminated both with nitrous 
air and with common air. He writes : 

“ Being disappointed, as has been seen, in my expecta- 
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lions of confining the nitrous acid vapour by afiiwal oi/s, 
it occurred tome, that, inlic'u of this, it might not be wholly 
without its use, if I could shut up this vapour in dry glass 
phials, with ground stopples. And though, in this method 
of procuring it, by the solution of bismuth, or other things 
with which it unites most rapidly, there is necessarily a 
mixture of nitrous air^ it is inconsiderable in proportion to 
the quantity of pure nitrous vapour itself. And although a 
mixture of common air also would necessarily remain in the 
phial, it could only serve to dilute the acid va[)our, and 
could not materially alter the properties of it. Also, if the 
mouths of the phials were small, they migiu be opened, and 
various substances admitted to the vapour, without much 
loss of the acid ; especially as all acid vapours, I had reason 
to think, were heavier than common air ” {Experiments on 
Air, 1777, HI. 184). 

The most conspicuous quality of the nitrous fumes is 
their brown colour, by which their presence is disclosed in 
many operations in which nitric acid takes part. The 
colour is permanent, and has the remarkable property of 
becoming much intensified by lieating. This observation 
interested Priestley so much that he was in the habit of 
carrying a bottle of the gas in his pocket in order to show 
its curious behaviour to his friends. Priestley writes : 

“ I'he change of colour given to this vapour by heat is 
not a little remarkable, for it is altogether independent of 
gravity or condensation. In order to make some experi- 
ments of this kind to proper advantage, I procured a glass 
tube, three feet long, and about an inch wide, closed at one 
end, and fitted with a ground stopple at the otlier. d'his 
tube I easily filled with red vapour, in consequence of its 
being much heavier than common air ; and closing the 
open end with the stopple, observed, that that part of the 
tube which I held in my hand was manifestly of a deeper 
colour than any other part of the tube. On this I held 
one end of it to the fire, and found that that end grew 
most intensely red, three or four times more so than the 
rest of the tube. The direction in which the tube was 
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held made no difierence with respect to the red part of it ; 
the ])art that was hottest being always of the deepest colour, 
whether it was held upwards or downwards ; so that whether 
the heated vapour ascended or descended, it did not retain 
its colour in the smallest degree, after it had been opposite 
to the heated part of the glass. 

‘‘That this extraordinary redness was not occasioned by 
the vapour being more rarefied in that particular place, 
appeared by the whole tube assuming the same deep red 
colour when the whole length of it was made equally hot : 
for the vapour being closely confined, the density of it 
within the tube must necessarily have continued the same 
in all the variations of heat or cold. This redness, there- 
fore, must be the jiroper effect of heat^ on the phlogiston, 
as I should imagine, of the vapour. Repeating this experi- 
ment very often, with the same tube, and the same vapour, 
it became alternately of a deeper or lighter colour, according 
as it was kept hot or cold, without any sensible change, 
ex('e[)t that which depended upon this single circumstance. 
I'his is really a striking experiment, and especially when 
the tube contains first so much vapour as to be nearly 
transparent when it is cold ; so that the heat alone gives it 
all the colour that it accjuircs. 

“In order to observe the utmost effect of heat on this 
vapour, 1 placed the closed end of the tube near the fire, 
and bringing it gradually nearer and nearer, observed that 
the colour deepened uniformly with the increase of heat, 
till, the glass actually melting, the compressed vapour burst 
its way o\xi^’ {Experiments on Air^ ^ 77 7, HI. 186-188). 

Priestley (1772) discovers “ diminished nitrous air or 
“laughing* gas.” — One of the agents used by Priestley 
for “ phlogisticating ” or deoxidising common air was a 
mixture of iron filings and brimstone, or sometimes iron 
filings alone. The action of this agent on nitrous air gave 
rise to a new gas possessing remarkable properties. Priestley 
describes this discovery as follows : 

“ The diminution of common air by a mixture of nitrous 
air, is not so extraordinary as the diminution which nitrous 
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air is subject to from a mixture of iron filings and brim- 
stone, made into a paste with water. 'Eliis mixture, as I 
have already observed, diminishes common air between 
one-fifth and one-fourth, but has no such effect upon any 
kind of air that has been diminished, and rendered noxious 
by any other process ; but when it is put to a quantity of 
nitrous air, it diminishes it so much, that no more than 
one-fourth of the original quantity will be left.” 

“ Nitrous air thus diminished has not so strong a smell 
as nitrous air itself, but smells like common air in which 
the same mixture has stood” {^Experiments on Air ^ i774> 
I. 118-119). 

Priestley was astonished to find that an agent which he 
had employed previously to remove all the goodness from 
common air, had actually converted the inert nitrous air 
into a DIMINISHED NITROUS AIR “ with properties which, 
at the time of my first publication on this subject, I 
should not have hesitated to pronounce impossible, viz. 
air in which a candle burns quite naturally and freely, and 
which is yet in the highest degree noxious to animals, 
insomuch that they die the moment they are put into it ” 
{ibid., p. 215). 

As diminished nitrous air ” is soluble in cold water, it 
was best prepared over mercury ; the gas was then almost 
like oxygen in its power of supporting combustion. On 
the other hand, long contact with iron over water destroyed 
this property, the diminished nitrous air being either 
absorbed or wholly deoxidised. Priestley found that ; 

‘‘ A candle burned with an enlarged flame ... in nitrous 
air, which had been in contact with iron in quicksilver, 
about six months. 

‘‘ Water being admitted to the remainder of this air, it 
began to be absorbed as usual. 

“Nitrous air, which had been confined above a year in 
contact with iron, standing in water, was, in all respects like 
phlogisticated common air : it neither diminished common 



V 


THE STUDY OF GASES 


79 


air, nor was diminished by nitrous air, and extinguished a 
candle {Experiments on Air^ 1775, ^ll)- 

The action of nitric acid on metals gives rise to 
nitrous fumes, nitrous air, and diminished nitrous air. 

— In the action of nitric acid on metals, diminished nitrous 
air is often formed, especially if weak acid be used ; being 
soluble in cold water, but expelled by heat, the gas may be 
set free by warming cold nitric acid in which iron, zinc, or 
tin has been dissolved. 

“The solution of iron in spirit of nitre is known to 
produce nitrous air ; but when all the nitrous air is pro- 
duced in this manner, without foreign heat, if a candle be 
applied to the solution, more air will be procured ; and 
this will be possessed of the peculiar kind of inflammability 
above mentioned. 

“ I have also procured this kind of air in a direct process 
by the solution of zific and //>/.” 

“When . . . I used only a very weak spirit of nitre 
in the solution of zinc ... I got no other than this 
kind of air in which a candle burned with an enlarged 
flame ; and the air was of the very same kind from the 
beginning to the end of the process ” (“ Of Nitrous 
Air in which a Candle Burns,” Experiments on Air, 
1777, in,, pp. 133, 13^, 139). 

Berthollet (1785) prepares “diminished nitrous air” 
or “laughing gas” by heating nitrate of ammonia. — 

Berthollet discovered in 1785 that when nitrate of ammonia 
is heated to about 150X., it is decomposed into water and 
“ diminished nitrous air.” This method of preparation was 
used in the year 1799 by Sir Humphry Davy (1778-1829), 
who found that the pure gas made by this method had the 
following properties : 

a. A candle burnt in it with a brilliant flame, and 
crackling noise. 

A Phosphorus introduced into it in a state of inflamma- 
tion, burnt with infinitely greater vividness than before. 
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c. Sulphur introduced into it when burning with a 
feeble blue flame, was instantly extinguished ; but wlien in 
a state of active inflam matiori . it burnt with a beautiful 
and vivid rose-coloured flame. 

d. Inflamed charcoal . . . burnt with much greater 
vividness than in the atmosphere. 

€. To some fine twisted iron wire a small piece of cork was 
affixed : this was inflamed, and the whole introduced into 
a jar of the air. The iron burned with great vividness, and 
threw out bright sparks as in oxygen. 

f. 30 measures of it exposed to water previously boiled, 
was rapidly absorbed ; when the diminution was complete, 
rather more than a measure remained. 

g. Pure water saturated with it, gave it out again on 
ebullition, and the gas thus produced retained all its former 
properties. 

//. It was absorbed by red-cabbage juice ; but no alteration 
of colour took place. 

/. Its taste was distinctly sweet, and its odour slight, but 
agreeable. 

j. It underwent no diminution when mingled with oxygen 
or nitrous gas (Davy’s J Forks, III. 54). 

Davy (1799) uses laughing gas” as an anaesthetic. — 

Although the gas had been credited with the most deadly 
properties, and with the power of producing plague and 
other contagious diseases, Davy found from personal 
experiments in the spring of 1799 that it could be breathed 
without harm, and had indeed remarkable stimulating and 
exhilarating qualities. Robert Southey, one of many friends 
who submitted themselves to the action of the new 
intoxicant, describes his feelings as follows : 

“ My first definite sensation was a dizziness, a fullness in 
the head, such as to induce a fear of falling. This was 
momentary. When I took the bag from my mouth, I 
immediately laughed. The laugh was involuntary, but 
highly pleasurable, accompanied by a thrill all through me ; 
and a tingling in my toes and fingers, a sensation perfectly 
new and delightful ” {Works, III. 301). 
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Effects such as these gave to the gas the popular name of 
“laughing gas.” Its permanent utility as an anaesthetic in 
dentistry is forshadowcd in Davy’s own experience : 

“ The power of the immediate oi)eration of the gas in 
removing intense physical pain, I had a very good 
opportunity of asertaining. 

“In cutting one of the unlucky teeth called dcmtes 
sapientioe, I experienced an extensive inflammation of the 
gum, accompanied with great pain, which equally destroyed 
the power of repose, and of consistent action. 

“ On the day when inflammation was most trouble- 
some, I breathed three large doses of nitrous oxide. The 
pain always diminished after the first four or five inspirations ; 
the thrilling came on as usual, and uneasiness was for a few 
minutes swallowed up in pleasure. As the former stale of 
mind however returned, the state of organ returned with it ; 
and I once imagined that the pain was more severe after 
the experiment than before” {lP\)rkSy III. 276). 


C. Acid Air and Alkaline Air. 

Cavendish (1766) collects “marine acid air.”— From 
the time of Glauber it had been customary to prepare 
muriatic acid by distilling into water the j)ungent gas 
produced by the action of strong oil of vitriol on common 
salt (Chap. II, p. 14). d'he gas was first collected by 
Cavendish in “ an experiment with design to see, whether 
copper ])roduced any inflammable air by solution in spirit of 
salt.” He found that he “could not procure any inflammable 
air thereby,” but, on the application of heat, he was able to 
drive off a considerable quantity of gas which had the 
peculiar property of “ losing its elasticity when in contact with 
water.” The gas set free in the bottle containing the copper 
and acid (Fig. 18) was at first separated from the water 
in the receiver by a “barrier of common air,” but as soon 
as this was removed the dissolution of the gas proceeded 

G 
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rapidly, so that the water in the receiver “rushed violently 
into the bottle and filled it almost entirely full {Phil, Trans, 
1766, 66, 157-158)* 

Priestley (1772) isolates “marine acid air/'— By making 
use of mercury instead of water, Priestley had no difficulty 
in obtaining this acid air in a permanent form. He 
showed that it could be driven off by heating spirit of salt 
alone, the presence of copper being unnecessary. Its 
peculiar behaviour depended entirely on its extreme solubility 

in water, which he 
I found to absorb 576 

I times its volume of 

1 indeed, 

II I merely a solution of 

II I |||l acid air in perhaps 

^ I Ife l ll l twice its ^ weight of 

^ eflkient method 

Fig. iS.— Apparatus Bv Cavkndisii TO 1‘UEPARE which had the ad- 

A GAS WHICH “ LOST ITS liLASTIClTV liV CONTACT . r 3 

WITH wAiER." vantage of produc- 

ing a dry gas. He 

found that “acid air, extinguishes flame, and is much 
heavier than common air” {Experiments on Air, 1774, 1 . 

143-147)- 

Priestley isolates “alkaline air." — Encouraged by his 
success in separating an elastic air from spirit of salt, 
Priestley next endeavoured to collect an alkaline air from 
the “ volatile spirit of sal-ammoniac.” In this he was 
successful : the gas which was set free by heating the 

^ Two and a*half grains of water dissolved three ounce-measures 
of the gas. 


LOST ITS liLASTICITV liV CONTACT 
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volatile spirit remained permanently elastic when collected 
over mercury, but collapsed immediately when brought into 
contact with water. Priestley found that alkaline air was 
only a little less soluble than acid air, one volume of water 
dissolving 336 volumes of the gas.^ It also differed from 
acid air in being lighter instead of heavier than common air. 
He found that the gas (to which the name of ammonia was 
given by Bergman in 1782), could be prepared directly by 
heating crystals of sal-ammoniac with slaked lime in a gun 
barrel : by passing the product into water he obtained a 
very strong ‘‘spirit ” from which he could expel the alkaline 
air as required {Experiments on Air, 1774, I. 163-169). 

Priestley prepares sal-ammoniac by mixing alkaline 
air with acid air. — Thinking that gases possessed of such 
opposite properties were likely to combine together to form 
a neutral substance, possibly identical with common air, 
Priestley brought together vessels containing alkaline air and 
acid air. To his great astonishment he obtained a solid 
product which he identified as sal-ammoniac ; this volatile 
salt was therefore a compound formed by the union of 
alkaline air with acid air. 

“ Having satisfied myself with respect to the relation that 
alkaline air bears to water, I was impatient to find what 
would be the consequence of mixing this new air with the 
other kinds with which I w^as acquainted before, and 
especially with acid air ; having a notion that these two airs, 
being of opposite natures, might compose a neutral air, 
and perhaps the very same thing with common air. But 
the moment that these two kinds of air came into contact, 
a beautiful white cloud was formed, and presently filled the 
whole vessel in which they were contained. At the same 
time the quantity of air began to diminish, and, at 
length, when the cloud was subsided, there appeared to be 
formed a solid white salt, which was found to be 4 .he common 

’ One and a-qiiarter grains of water dissolved seven-eighths ounce- 
measures of gas. 


G 2 
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sal-ammoniac^ or the marine acid united to the volatile 
alkali’’ [Experiments on Air, 1774, 1 . 169-170). 

Sal-volatile formed by the union of alkaline air with 
fixed air. — On mixing alkaline air with fixed air Priestley 
again obtained a solid product which he identified as the 
volatile alkali “ sal-volatile.” 

“ Fixed air admitted to alkaline air formed long and 
slender crystals, which crossed one another and covered the 
sides of the vessel in the form of net-work. These crystals 
must be the same thing with the volatile alkalis which 
chemists get in a solid form, by the distillation of sal- 
ammoniac with fixed alkaline salts ” [Experiments on Air, 

1774, 1- 171)- 

Apparatus for experiments on gases. — 'i'hc first apiraratus 
used for experiments on gases, as distinguished from con- 
densible vapours, was that u.sed by Boyle and described in 
detail by Mayow (p. 33). It should be noticed that, when 
preparing gases artificially by the action of acids on iron or 
on oyster shells, it was not then possible to collect the gas 
over water, since the whole apparatus was filled with acid. 

This disadvantage was removed by Stephen Hales 
(1677 — 1761), botanist, chemist, and Vicar of Tedding- 
ton, who was one of the first to .separate the generator 
from the receiver of the gas. His Vegetable Statics (1727) 
is chiefly concerned with hydrostatic experiments on the 
pressure of the sap in plants. But the sixth chapter, occupy- 
ing nearly one-third of the book, deals with “an attempt to 
analyse the Air by means of a great variety of chymio- 
statical experiments, which shew in how great a proportion 
Air is wrought into the composition of animal, vegetable, 
and mineral Substances, and withal how readily it resumes 
its former elastick state, when in the dissolution of those 
'Substances it is disengaged from them.” 

\In order to measure the volume of gas set free by heating 
animal, vegetable, and mineral substances. Hales used a 
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glass retort r (Fig. \i)a) luted securely to a gauge ab^ 
standing in a trough of water xx. The gauge was 



Fig. ig ( a ) Halks’s Aitaratus for Measuring the 
Volume of Gas set free pv Heating Animal, 
Vegetable, and Mineral Substances, 


made from a long- 
necked flask, 
pierced at the 
bottom to admit a 
syphon-tube j/, by 
means of which air 
could be drawn 
out and water 
sucked up as far 
as z. The fall or 
rise of the level 
of the water in the 


gauge, after heating the contents of the retort, showed how 
much air had been liberated or ab.sorbed. 


Thh apparatus had the disadvantage that the joint at a 
was liable to leak, 


especially when an 
iron retort had to 
be used for 
stronger heating, 
or when the gas 
had to be ke{)t 
for several days 
before its volume 
became constant. 

These d i f f i- 
cultics were over- 
come in a second 
form of the ap- 
paratus (Fig. 19^). 
This consisted of 
a retort rr made 



from an iron gun- 


Fig. 19— (/») Hales’s Apparatus (Improved design). 
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barrel, witli a lead syphon attached to the end. The gas 
was carried by the syphon through a vessel of water 
into an inverted flask where it could be stored for any 
length of time without risk of leakage. 

The great importance of this new device will be realised 
by noticing how it was adopted and used by Cavendish 
(Fig. 1 8), by Lavoisier (Figs. i6, 21, 25), and by Priestley 
(Fig. 20). 

Priestley’s apparatus. — The apparatus which Priestley 
used for manipulating gases is described at the beginning 
of the first volume of his Experiments on Air and illustrated 
by two plates (numbered and lettered consecutively) which 
are reproduced in Fig. 20.^ 

The most ini[)ortant feature was the trough^ often called 
a PNEUMATIC TROUGH, showii with all its accessories at i in 
the first plate. The original trough a was of earthenware, 
about eight inches deep, with thin flat stones, bh^ just below 
the surface ; afterwards a large wooden trough was used 
with a shelf fixed an inch from the top. The various gases 
were stored in cylindrical jars, ci\ which could be immersed 
in the trough, or stood on the shelf, or lifted out in dishes 
as at 2 2 2. Micewox^ stored as at 3 in a receiver standing 
on a perforated tin plate and provided with a perforated 
cover held down by weights ; in order to test the goodness 
of a sample of air, a mouse was held by the back of the 
neck and passed through the water into a tall beer-glass, d, of 
two or three ounces capacity, in which a mouse could 
usually live from twenty to thirty minutes. The tapering 
cork, 4, was used to close or open a small bottle inside a jar 
of air, whilst the wire stand, 5, served to support small 
dishes as at /. T'he fimnel, 6, was used to pour gases from 
a vessel with a wide neck into a vessel with a narrow neck, 

^ In the second plate, the blackboard has been moved and the table 
altered a liuie in order to repioduce on as large a scale as possible. 
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Fig. 20. — Priestley’s Apparatus (’First Plate). 
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filled with water and supported near the surface of the 
trough. 

The gun-barrel^ 7 (second plate : compare Hales, Fig. 
19/;), with a tobacco-pipe stem, or glass tube luted to the 
open end, was used to expel gases from solid substances. 
To reduce the volume of air, the gun-barrel was filled up 
with dry sand. In the figure, the gas is being collected 
over mercury ; Cavendish had transferred to a basin of 
mercury, a bottle full of fixed air which was too soluble to 
be stored long over water, but this is the first use of 
mercury for collecting gases ; a carefully-shaped mercury 
TROUGH was introduced by Lavoisier (Fig. 33). An 
apparatus for collecting over mercury gases expelled from 
liquids by heat, or set free by the action of acids, is shown 
at 8, where a is a basin of mercury, b a tube filled with it, 
c the tube from which the gas is expelled and d a glass trap 
to condense out moisture; the apparatus used for generating 
and collecting gases not freely soluble in water is shown at e 
in the first plate. 

The bladder 9, provided with funnel and delivery tube, 
w'as used to receive gas from a jar standing in w'ater and 
then to transfer it free from water to a vessel standing in 
mercury. A bladder is also shown in the apparatus, 10, 
used for impregnating liquid with gas, e,g.y water with fixed 
air ; the gas generated in c was collected in the bladder and 
then squeezed out through the flexible leathern tube, d, into 
the flask a. 

The candle, 12a (first plate), mounted on the end of a 
wire b, was used to test the air in the narrow tube ii ; the 
candle, c, was used in the wider cylinders, from w'hich it could 
be withdrawn through the water as soon as it was extin- 
guished. 

The syphon, 13 (second plate), was used to suck air out 
from a cylinder as at / (compare Hales, Fig. iq^z). 

The receiver, 14, exhausted by an air-pump, was used 
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Fig. 20 — Priesti.evs Auparatus (Second Plate). 
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when a dry powder had to be surrounded by gas drawn from 
a vessel standing in water. 

The eudiometer} 15, was used for mixing minute quantities 
of nitrous air and common air; two bubbles were introduced 
into the narrow tube a with the help of the iron-wire 
plunger then measured, mixed, and measured again. 

Apparatus for sparking small quantities of gas is shown in 
the second plate at 16, 17, 18, 19, anticipating in part the 
apparatus used by Monge (Fig. 26) by Volta (Fig. 27) and 
by Cavendish (Fig. 39). 

Summary and Supplement 

A. FIXED AIR AND INFLAMMABLE AIR 

Van Helmont (A 1577 ; d, 1644) recognised the existence of 
two ‘‘gases,” a poisonous “gas sylvestre” and an inflammaljle 
“gas pingue,” analogous with the “choke-damp” and “fire 
damp” of miners. 

John Mayow, Medico-physical IVorks^ 1674, following Boyle, 
collected gases prepared by the action of iron on a^ua forth or 
on dilute oil of vitriol in an inverted flask ; he showed that they 
possessed the same elastic properties as common air, but was 
not sure that they were essentially different from it. 

Stephen Hales, Vegetable Statics^ 1727, by heating different 
substances, prepared many gases which he collected over water 
in a separate receiver”; he also mixed different gases and 
studied the changes of volume produced in them by the action 
of different agents ; but he did not recognise these gases 
as distinct substances, and supposed that all had the same 
density. 

Joseph Black, Experiments upon Magnesia Alba^ I 755 j 
proved that chalk and the alkalis contain a gas which he called 
fixed air (carbonic anhydride or carbon dioxide, CO2), but he 
did not at that time collect or handle it. 

Henry Cavendish, On Factitious Air, 1766, measured the 
density of fixed air from a variety of sources, and of in- 
flammable air (hydrogen) prepared by the action of acids on 
different metals, thus : — 

^ This name was first used in 1776 {Experiments on Air), 1777, III. 
379 and 380). 
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Zmc 071 Vitriolic Aciil^ Zn + H2S04"^ZnS04 4-H., ; 

Zi 7 ic 071 Spirit of Saif Zn+ 2lICl~>ZnCl2 +^^2 ? 

I roTi 071 Vitriolic A ci(f Fe + H2S O4 Fe S O4 + H 2 ; 

Tin 07 t Spirit of Salt ^ Sn+ 2HCl->SnCl2 + H2. 

By these measurements he proved the identity of the 
different samples, and established the method of investigating 
gases by the exact measurement of their physical properties. 
He found that water dissolved an equal volume of fixed air, 
which escaped when the water was boiled or exposed to the 
air ; fixed air could, however, be stored permanently in a bottle 
inverted over mercury. 

Joseph Priestley, Experi 7 }te 7 its 07 i Air^ Vol. I. 1774 ; Vol. 
11 . 1775; Vol. III. 1777, prepared a large number of gases 
and studied their chemical properties very thoroughly. He 
examined fixed air and inflammable air, prejiared three gases 
by the action of nitric acid on metals, discovered oxygen, and 
collected over mercury a series of gases which were too soluble 
to be collected over water. 

B. GASES DERIVED FROM NITRIC ACID 

Nitrous air (nitric oxide, NO), was prepared by van Hel- 
mont, Boyle, Mayow, and Hales, by the action of nitric acid on 
metals, but was first recognised as a distinct substance by 
Priestley (1772), who named it nitrous air. 

It dissolves in ten volumes of water, but is freely soluble in 
solutions of green vitriol (ferrous sulphate), forming a dark 
brown liquid from which the gas can be recovered by gentle 
heating. The preparation of the gas from copper and nitric 
acid is often represented by the equation — 

3CU + 8HNO3 3Cu(N03)2 + 2 N 0 + 4H20, 

but many other products are formed at the same timie. . 

Diminished nitrous air, or “laughing gas” (nitrous oxide, 
NoO), was prepared by Priestley (1772) by the action of iron 
filings on nitrous air. 

2Fe + 6NO Fe203 + 3N20. 

Berthollet (1785) prepared it by heating ammonium nitrate. 

(NH4)N03 N2O4-2H2O. 
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It is readily soluble in water, but is expelled by boiling. A 
candle burns in it with an enlarged flame, as in oxygen. The 
pure gas can be breathed with impunity (Davy), and has been 
used as an anaesthetic in dentistry since 1800. 

The formation of soluble brown nitrous fumes (nitrogen 
dioxide, N 0^)00 mixing nitrous air with common air had been 
noticed by Hales. In presence of water the action is more 
complex, both nitric and nitrous acid being produced (see 
Chapter X), thus : 

Wiihoid water 2N0 + 02 = 2N02 

(Nitrogen dioxide.) 

I Viih 7 m ter 4 N O 4- 3 O2 + 2 H 2O ~ 4 H N O^ 

(Nitric acid.) 

4N0 + 02 + 2H20 = 4HN02 

(Nitrous acid.) 

When common air is mixed over water with an excess of 
nitrous air (nitric oxide) all the oxygen is absorbed, together 
with as much of the nitrous air as has combined with it ; 
Priestley used the contraction produced by mixing equal volumes 
of the two gases in a eudiometer as a measure of the “good- 
ness ” of air. 

The brown nitrous fumes were prepared in an impure state 
by Priestley by the action of bismuth on nitric acid — 

Bi-f 6HNO3 Bi(N0a)3-f 3NO2+3H2O. 

(Nitric (liismuth (Nitrogen 

acid.) nitrate.) dio-xide.) 

But this gas is better prepared by heating lead nitrate — 
2 Pb(N 03)2 2Pb0 + 4N02 + 02. 

(Lead nitrate.) (Litharge.) (Nitrogen 
dioxide.) 

It can be purified by condensing it to a liquid. Priestley 
noticed that the gas darkened in colour when heated, but 
became light when cooled again. The loss of colour is due 
to the formation of a more complex compound (dinitrogen 
tetroxide) — 

2NO2 — N2O4, 

(Brown.) (Colourlcs.s.) 

which can be frozen out as a colourless ice (Chapter XX, 
p. 525), but begins to decompose as soon as it is melted. The 
mixture of these two oxides is called “nitrogen peroxide.” 
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C. ACID AIR AND ALKALINE AIR 

Acid air (hydrogen chloride, HCl). Glauber prepared 
“spirit of salt” by the action of oil of vitriol on salt, 

2NaCl + HjjS 04 Na 2 S 04 + 2HCl, 

but he was only able to collect the gas by absorbing it in water. 
Priestley (1774) collected it over mercury as a “permanently 
elastic fluid.” He found it to be extremely soluble in water, 
which dissolved 576 times its volume of the gas. 

Alkaline air (ammonia, NH3), The pungent gas present 
in “ spirit of hartshorn ” was expelled by warming, and collected 
over mercury by Priestley (1774), who called it “alkaline air” ; 
the name “ammonia” was given to it by Bergman in 1782. 
Priestley also prepared it from slaked lime and sabammoniac, 

Ca(OH)2+ 2NH4CI ^ CaCl2 + H^O + 2N1I3, 

Slaked + sal muriate + water -f ammonia 

lime ammoniac of lime 

and obtained a very strong spirit by dissolving it in water, 
which absorbed 336 volumes of the gas. It differed from acid 
air in being lighter instead of heavier than common air. 
A mixture of alkaline air and acid air produced sal-ammoniac, 

NII3+HCI -> NH4CI (sal-ammoniac). 

(Ammonia.) (Dj^drogen (Ammonium 
chloride.) chloride.) 

A mixture of alkaline air and fixed air produced sal-volatile, 
zNHj-t-COj ^ (NH,)X02 (sal-volatile.) 

(Ammonia.) (Carbon (Ammonium 
dioxide.) carbamate.) 



CHAPTER VI 

THE COMPOSITION OF FIXED AIR. CARBON, CARBONIC ACID, 
AND THE CARBONATES 

A. The Composition of Fixed Air. 

Fixed air a product of combustion. — Van Helmont 

derived the name of his poisonous “ gas sylvestre ” from its 
presence in the fumes of a fire of wood-charcoal (I^atin 
sylva^ a wood or forest). But as the only test which he 
applied was that of a lighted candle, no importance attaches 
to the fact that he gave the same name to the gases 
liberated in fermentation, and by the action of acids upon 
chalk. 

The recognition by Black, in 1755, of fixed air as a 
constituent of chalk provided for the first time a test by 
which a gas differing from common air could be detected and 
identified with certainty. By its power of reconverting lime 
into chalk, he proved the presence of fixed air in substances 
such as magnesia, sal-volatile, and the mild alkalis, as well 
as in natural waters and in common air. Cavendish, in 
1766, added to these tests the method of measuring the 
physical constants (density and solubility) of the gas, and 
proved that these were the same for fixed air prepared from 
alkaline substances and by the fermentation of sugar. 
These physical tests could not be applied to the crude gas 
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obtained by burning charcoal in air ; but Cavendish showed 
that “a quantity of common air was reduced from i8o to 
i6o ounce measures, by passing through a red-hot iron 
tube filled with the dust of charcoal’^ and “observed, tliat 
there had been a generation of fixed air in this process, but 
that it was absorbed by soap leys ” (quoted by I^riestley, 
Experiments on Air^ I. 129). 

Fixed air is formed daring the burning of charcoal 
(Priestley, 1772) and the reduction of metallic calces 
(Lavoisier, 1774). — Priestley, in 1772, by means of a 
burning mirror, or lens, heated fragments of charcoal in air 
confined over water. He found that the volume of the air 
was diminished by one-fifth, that the residue extinguished 
flame, was noxious to animals, and suffered no further 
diminution of volume when exposed to the action of iron 
filings and sulphur, or when mixed with nitrous air ; the air 
had therefore been deprived of all its “goodness” (the 
discovery of oxygen was not made until two years later) 
whilst the production of fixed air was shown by the 
cloudiness which was produced when the gas was confined 
over lime-w'ater. When mercury was used instead of water, 
the volume of the air was not diminished by the burning 
charcoal until lime-water w^as added, when one-fifth of the 
air was absorbed (“Of Air infected w'ith the P'uincs of 
Burning Charcoal,” Experiments oti Air, 1774, L 1 29-1 32). 

About the same time, Lavoisier {Physical and Chemical 
Essays, 1774, Chapter V; Works I, 598-613) found that 
a large volume of “ air ” was produced when minium or red 
lead was reduced by heating with charcoal in an iron retort 
(Fig. 21.) Avery large quantity of gas was set free, 560 
cubic inches being liberated in the production of about 
I cubic inch of lead, although the charcoal heated alone 
gave only eight cubic inches of gas in the course of two 
days. The gas dissolved in lime-water, and extinguished a 
lighted candle ; a rat died almost instantly in it. The 
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Fig. 2i~Lavoisiek’s Apparatus for collecting the Gas produced by 
HEATING Red-lead and Charcoal in an Ikon Retort. 


The air could be drawn out from the bell-jar through the small aperture shown 
at the top of the jar, or it could be removed by means of an air-pump which has 
not been reproduced in the figure. 





VI THE COMPOSITION OF MXED AIR 97 

production of fixed air during tlic reduction of the calx 
was thus clearly proved : but it was not until Priestley had 
discovered oxygen, as described in Chapter III, that 
l^avoisier was able to give a satisfactory ex[)lanation of 
what had occurred in this reduction. 

Lavoisier (1774) proves that fixed air is an oxide of 
carbon, --'rhe crucial experiments by which fixed air was 
proved to be an oxide of carbon were made by Lavoisier in 
November, 1774, after Priestley had demonstrated to him 
the method of making oxygen from the red calx of mercury. 

Py heating an ounce of this calx with forty-eight grains of 
charcoal in a tiny glass retort he was able to collect, in a 
bell jar over water, 64 cubic inches of gas. This gas dis- 
solved in water, communicating to it the properties of the 
natural acidulated waters, destroyed animals brought into it, 
at once extinguished candles and other burning substances, 
precipitated lime-water, and combined readily with the 
alkalis, removing their causticity and enabling them to 
crystallise. ^^All these properties are exactly those of the 
kind of air known as fixed air.” 

Lavoisier found that the red precipitate heated alone 
gave 78 cubic inches of a gas which did not dissolve in 
water, did not precipitate lime-water, did not unite with 
alkalis or diminish their caustic (|ualities, but which could be 
used again for the calcination of metals. “ In conclusion, 
it had none of the properties of fixed air ; far from being 
fatal, like it, to animals, it seemed, on the contrary, more 
proper for the purposes of respiration ; candles and burning 
bodies not only were not extinguished by it, but burned 
with an enlarged flame in a very remarkable manner ; the 
light they gave was much greater and clearer than in 
common air ; charcoal burned in it with a brilliancy 
almost like that of phosphorus, and all combustible sub- 
stances were consumed in it with surprising rapidity. All 
these circumstances convinced me that this air^ far from 


H 
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being fixed air, was even more respirable, more combustible, 
and consequently more pure even than the air in which we 
live.” 

The calx heated alone gave oxygen and mercury ; when 
heated with charcoal it gave fixed air and mercury. Fixed 
air was therefore evidently a compound of charcoal with 
oxygen. Lavoisier argued that — 

Since carbon disappeared entirely in the revivification of 
mercury from its calx, and since there result from this 
operation only mercury and fixed air, one is forced to 
conclude that the principle which has hitherto been known 
as fixed air is the result of the combination of eminently 
respirable air with charcoal” (“On the Nature of the 
Principle which combines with metals during their Calcina- 
tion and increases their Weight,” Works^ II. 122-128). 

The charcoal (French cJnuinm) used in experiments siu'h 
as these always left behind when burnt a larger or smaller 
proportion of ash. Lavoisier and his colleagues, therefore, 
introduced in 1787 “the modified name of carbon,^ which 
indicates the pure and essential principle of charcoal,” thus 
“distinguishing it from charcoal according to the vulgar 
acceptation ” and isolating it “ from the small quantity of 
foreign matter which it generally contains and which 
constitutes the ash ” [Method of Ctmnical No 7 nenclaturi\ 
tr. 1788, p. 32). 

In their system of nomenclature, fixed air became an 
OXIDE OF CARBON : its production during the burning of 
charcoal was represented by the equation : 

carboJi -f oxyge?i — fixed air 

(oxide of 
carbon) 

whilst the reduction of a calx was shown by the equation : 

carbon -f calx — fixed air + metal. 

(oxide of (oxide of 

metal) carbon) 

^ French car bone. 
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Diamond and graphite. — Newton bad suspected 
1704, II. 75) that the diamond, with its high refractive 
power, might be a combustible substance. This idea w'as 
confirmed by several notable experiments in which the 
combustion was effected both by powerful burning-glasses 
and by means of furnaces. But as the experiments were 
always made in the open, no idea could be formed of the 
nature of the products ; indeed, it was generally believed 
that the diamonds had merely been vaporised without 
burning at all. 

I'o Lavoisier belongs the credit of having shown, in 1772, 
in conjunction with Macquer and Cadet, that if air be com- 
pletely excluded, the diamond remains unaltered at the 
highest temperature of the furnace ; the burning of the 
diamond is therefore a true combustion. In order to deter- 
mine the nature of the products of combustion, Lavoisier 
employed a very large burning glass (compare Fig. 22) to heat 
diamonds .su[)ported in air or oxygen contained in glass 
jars inverted over water or over mercury. No water, smoke, 
or soot was produced ; when mercury was used the volume 
of gas was not altered, but in contact with water the volume 
was somewhat diminished; in both cases the gas in which 
the diamond had been burnt turned lime-water milky 
(“Destruction of the Diamond by Fire,’’ 1772, JVorks^ 11 . 
38-88). Charcoal behaved in just the same way as the 
diamond. There was, therefore, no doubt that each of 
these substances gave rise to fixed air as the sole product of 
combustion. A few years later, in 1797, 'Pennant (an 
Plnglish chemist who had already shown that carbon could 
be recovered from fixed air by the action of pho.sphorus 
vapour on red hot chalk), burned diamonds by means of 
melted saltpetre, and showed that they gave rise to precisely 
the same quantity of fixed air as when charcoal was used. This 
observation was confirmed by the combustions carried out 
many years later by Dumas and Stas (Chapter VIII, p. 150) ; 

n 2 
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Fig. 22 — Lavoisier's large Burning Glass. 
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it showed clearly that the diamond, like charcoal, must be 
regarded as a variety of carbon. 

The mineral graphite, also known as plumbago or 
Bf.ACK LEAD, was showii by Scheele, in 1779, to give rise to 
fixed air wlien fused with nitre. Other workers showed that 
(if allowance were made for the ash which it always 
contains) it gave the same proportion of gas as charcoal and 
diamond, and must therefore be regarded as a third variety 
of carbon. 

Such varieties of an element as charcoal, diamond, and 
graphite were described by Berzelius, in 1840 [ Jahrcshcricht. 
20 , “ Unorganischc Chemie'’ p. 13), as allotroi’ES. 


B. Carbonic Acid and the Carbonates. 

Bergman ( 1774 ) regards fixed air as an acid. — It is 

uncertain to what extent Black recognised that fixed air had 
the properties of a weak acid. He was aware that it was 
attracted by the caustic alkalis and by lime, and that it 
blunted and diminished their caustic and alkaline properties. 
But the small quantity of liquid which could be condensed 
when distilling chalk or magnesia differed so completely 
from the mineral acids produced by distilling green vitriol 
or nitre, that it is not surprising that Black hesitated to 
describe fixed air as an acid. 

The clear recognition of its acid properties was due to the 
Swedish chemist Torbern Bergman (1735-1784), who in 
1774 published a full description of its properties in a paper 
“ On the Aerial Acid (Bergman's Essays^ translated by 
E. Cullen, 1784, pp. 1-90). 

In support of this view he mentions : 

(1) Its solubility in water, as measured by Cavendish 
(Chapter V). 

(2) The acid taste which it imparts to natural and 
artificial aerated waters, as noticed by Brownrigg and by 
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Priestley. In a paragraph headed ‘‘Fixed Air lias an Acid 
Taste,” Bergman writes : 

“ As this air is in form of an elastic vapour, it can hardly 
be tasted by itself, at least distinctly ; but if it be united with 
water, which is in itself void of flavour, being accumulated 
and rendered less volatile by this union, it readily affects 
the tongue with a weak but agreeable acidity, d’his is the 
real spirit of the cold mineral waters, which undoubtedly 
occasioned them to be called acidulous ; and by means of 
which, together with a due proportion of suitable salts, we 
may perfectly imitate the Seltzer, Spa, and i’yrmont waters. 
Such artificial waters I have now been using for eight vears 
with signal advantage” {Essays^ p. 12). 

(3) Its power of imparting to litmus a transient red 
coloration : 

“ Syrup of violets, and such other blue vegetable juices 
as I have hitherto tried are not reddened by fixed air, 
the tincture of tournsole [litmus] is of all known tinctures 
most easily acted on by acids, therefore the slightest 
vestiges, which cannot by any other means be discovered, 
are by this tincture easily detected ” {Essays^ p. 16). 

Thus if water “ be tinged with tournsole to a perfect blue, 
when fixed air sufficient to fill about the 1/50 of the vessel has 
passed through it, it will be manifestly red ... In like 
manner one part of water, saturated with fixed air, makes 50 
parts of the above tincture distinctly red. This change of 
colour, how^ever occasioned by the fixed air, soon disappears 
in an open vessel, particularly if it be exposed to heat, or 
the rays of the sun ; a circumstance which indicates the 
volatile nature of the acid that produces the change 
{Essays, pp. 14-15)- 

(4) Its power of combining with mild alkalis to form 
neutral crystalline compounds, as discovered by Black and 
confirmed by Cavendish (pp. 69 and 109). 

(5) Its power of dissolving chalk and magnesia, dis- 
covered by Cavendish (p. 103). 

(6) Its power of dissolving iron (giving rise to artificial 
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chalybeate waters, as discovered by the English apothecary 
Lane in 1769), and of dissolving zinc. 

(7) Its power of precipitating substances dissolved in 
alkalis, e.i^. sulphur dissolved in lime-water. 

On account of the acid properties of its solutions the 
French chemists in 1787 gave to the gas the name carbonic 

ACID. 

“ As fixed air has been perceived to be produced by the 
direct combination of charcoal with vital air^ by the assist- 
ance of combustion, the name of this gaseous acid can no 
longer be arbitrary, but necessarily must be derived from its 
radi('al, which is the ]mrc carbonic matter ; therefore it is 
carbonic acid and its compositions with different bases are 
carbonates''^ {Chemical Nomenclature^ tr. 1788, p. 32). 

But as Bergman recognised, this acidity belongs to the 
solution rather than to the gas. For this reason the name 
“ carbonic acid ” is now restricted to the solution of the gas 
in water, whilst the gas itself^ is called carbonic anhydride. 
The recognition of carbonic acid as an acid necessitated a 
change in the classification of the mild alkalis, which were 
now regarded as salts under the name of carbonates. In 
later years the term ‘ alkali ’ bc^came associated almost ex- 
clusively with the caustic alkalis, instead of the mild effer- 
vescent salts to which the name had been applied for a 
thousand years previously. 

Cavendish (1767) discovers that chalk and magnesia 
are rendered soluble by fixed air.— Eo Cavendish belongs 
the credit of discovering that chalk is rendered soluble in 
water by the presence of fixed air. This discovery was made 
in the course of his “ Experiments on Rathbone-Place 
Water” {Phil. Trans. 1767 , 57, 92). He found that 494 
ounces of a water, which on boiling liberated one-seventh of 
its volume of fixed air, 2 deposited 271 grains of a calcareous 

^ Following Laurent (1854) ; see Chapter XII, p. 250. 

2 41 1 ounces of water liberated 66 ounce -measures of fixed air and 
81 ounce-measures of common air. 
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earth consisting almost entirely of chalk. U’hat chalk was 
actually held in solution by fixed air was proved by mixing 
lime-water with an excess of w^ater saturated with the gas, 
when a clear solution was produced, whereas the use of less 
fixed air caused the lime to be precipitated in the form of 
chalk. Cavendish writes : 

Calcareous earths, in their natural state, i.e. saturated 
with fixed air, are totally insoluble in water ; but the same 
earths, entirely de[)rived of their fixed air, ia\ converted 
into lime, are in some measure soluble in it; for lime-water 
is nothing more than a solution of a small quantity of lime 
in w^ater. It is very remarkable, therefore, that cah'areoiis 
earths should also be rendered soluble in water, by furnish- 
ing them with more than their natural firoportion of fixed 
air, ix. that they should be rendered soluble, both by 
depriving them of their fixed air, and by furnishing them 
with more than their natural cjuantity of it. Vet strange as 
this may a[)pear, the following experiments, I think, show 
plainly it is the real case.” 

“A bottle full of rain water was inverted into a vessel of 
rain water, and some fixed air forced uj) into the bottle, at 
different times, till the water had absorbed as much fixed air 
as it could readily do; ii ounces of this water were mixed 
with 6i of lime water. The mixture became turbid on first 
mixing, but quickly recovered its trans[)arency, on shaking, 
and has remained so for upw^ards of a year.” 

“ Lest it should be supposed, that the reason why the 
earth was not precipitated in the foregoing experiment, was, 
that it was not furnished with a sufficient quantity of fixed 
air, the following mixture was made, which contains the 
same proportion of earth as the former, but a less proportion 
of fixed air : 4I ounces of the above-mentioned water, 
containing fixed air, were diluted with 6| of rain water, and 
then mixed with 6J ounces of lime-water. A precipitate was 
immediately made on mixing, which could not be re-dissolved 
on shaking” (/%//. Trans., 1767, 57 , loi and 104-105). 

This observation was confirmed by Lavoisier, and also by 
Bergman, who noticed that if 
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“a small portion of lime-water be dropped into water 
impregnated with fixed air, slight clouds are immediately 
formed, occasioned by the saturation of the lime by the 
fixed air ; these clouds, however, disappear upon gently 
shaking the vessel, the lime being dissolved by the 
superabundant fixed air (Ttssays^ p. 34). 

Bergman also recorded the fact that crystals of calcareous 
s[)ar (Fig. 23) were dissolved by water containing fixed air, and 
that minute crystals of similar shape were sometimesdeposited 



Fig. 23— Crystals of Calc-Spar, British Museum (Natural History). 


when chalk was rcprecipitated by the escape of the fixed air 
which held it in solution. The.se observations were 
important as affording a clue to the way in which crystalline 
calc-spar may have been produced ; they also afforded a 
satisfactory explanation of the formation of stalactites (Fig. 
24) and stalagmites by the escape of fixed air from the 
dripping water of caverns in limestone districts. 

The hardness of water due to salts of lime and 
magnesia. — The mineral matter held in solution by fixed 
air makes a water “ hard,” i e, the water gives a curd with 
soap instead of a lather. As this hardness is removed 
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when the water is boiled it is called temporary hardness. 
Cavendish showed that the whole of the chalk in such a 
water could be “ precipitated ... by the addition of a 
proper quantity of lime-water” (Joe. cit. p. 107). This 
method of removing the fixed air and so precipitating the 
chalk from a hard water is used on a large scale in order to 
** soften ” the water-supply in chalky districts such as that of 
the Caterham Valley. 

Magnesia, of which Cavendish detected a small quantity 

mixed with the 

chalk from Rath- 
bone Place water, ^ 
also owes its solu- 
bility 10 fixed air. 
It dissolves to a 

larger extent than 

chalk, and the 

solution is used in 
medicine as a 
gentle alkali under 
the name of “ fluid 
magnesia.” Like 
chalk, the mag- 
nesia produces a 
temporary hard- 

Fifi. 24— Stalactite, Chalk DEPOSITED nv THE ncSS which Can 

ESCAPE OF Fixed Aik from Dripping Water. ’ 

Biitish Museum (Natural History). be remOVCd by 

boiling, or by the 

addition of lime ; but the precipitation of the magnesia, and 
the softening of the water, takes place much more slowly 
than in the case of chalk. 

Gypsum or selenite (of which Cavendish collected 39 

^ By acting on the earthy precipitate with oil of vitriol the chalk 
was converted into sparingly-soluble selenite or gypsum, and the 
magnesia into Epsom salts, of which 18 grains were extracted. 
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grains by evaporating 494 ounces of the wat^r to a bulk of 
three ounces) shares with all the soluble salts of lime the 
property of rendering water hard. As the gypsum is not 
precipitated when the water is boiled, the hardness which it 
produces is called pp:rmanent hardness. This permanent 
hardness can be removed by adding to the water a mild 
alkali such as soda or potash, which precipitates the lime in 
the form of chalk and so renders the water soft. This is 
the method generally used for softening permanently hard 
waters. 

Soluble salts of magnesia (of which Cavendish precipitated 
36 grains by the addition of fixed alkali) also contribute to 
the permanent hardness of water. Sea water, which contains 
a little gypsum, and a relatively large proportion of Epsom 
Salts, is so hard that it is practically impossible to make it 
lather, even by using a very large amount of soap. The 
precipitation of soap by the mineral matter present in hard 
waters was discussed by Bergman (‘‘Of the Analysis of 
\Vaters,” Jj.ssays, pp. 90-192), who made use of a solution 
of soap in alcohol as a means of detecting such substances 
in water, thus, 

“Soap is not soluble in every kind of water; this is 
occasioned either by a disengaged acid, or by a large pro- 
portion of . . . salt with an earthy or metallic base . . . : 
such waters are generally called hard waters, and are unfit 
for washing cloths, as also for boiling pulse, and the harder 
kinds of flesh.” 

“If there be present in a can of water but 8 grains of 
alum, [muriate of] magnesia or [muriate of] lime, a single 
drop of this water occasions a turbidness in a solution of 
soap in alcohol, diluted with an equal bulk of distilled 
water” (Essays, p. 139). 

Lane (1769) discovers that fixed air will dissolve 
iron, — Fixed air also possesses the power of dissolving iron, 
giving rise to chalybeate waters. In these waters the iron 
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is held in solution by fixed air in much the same way as 
the chalk and magnesia in the water investigated by 
Cavendish. This property of fixed air was discovered by 
T. Lane, an English apothecary, who described his experi- 
ments in the Philosophical Transactions for 1769, as follows : 

“A wide-mouthed bottle, containing half a pint of 
distilled water and sixty grains of steel filings, was suspended 
forty-eight hours over some distiller’s molasses, in brisk 
fermentation ; so as to receive the fixed air escaping from 
the fermenting liquor; the surface of which was ten inches 
below the mouth of the bottle. Immediately after its 
removal, the clear water was decanted from the filings and 
ochrous sediment.” 

“ This liquor had a brisk and ferruginous taste, with a 
flavour of the molasses. An infusion of galls, or green tea, 
soon changed part of it to a colour like ink. The remainder, 
being exposed to the open air, presently became turbid, 
threw up a party coloured pellicle, and deposited a yellowish 
sediment.” 

The water now retained but little power of tinging with 
galls; and in a few days lost this property entirely” (“On 
the Solubility of Iron in Simple water, by the intervention 
of Fixed Air,” Phil, 'Trans. ^ 17^9? 59 , 218). 

These simple experiments, carried out 140 years ago, disclose 
the two essential features of the modern theory of the rust- 
ing of iron, namely, (i) that iron is dissolved by carbonic 
acid to a colourless solution, and (2) that this solution 
deposits a yellow rust on exposure to the air. 

Black (1755) discovers a second series of salts derived 
from fixed air. — Whilst there is some uncertainty as to 
whether Black recognised fixed air as an acid, there is no 
doubt as to his discovery of the existence of a salt containing a 
larger proportion of fixed air than ordinary potash. 

“That the fixed alkali, in its ordinary state, is seldom en- 
tirely saturated with air, seems to be confirmed by the 
following experiment. I exposed a small quantity of a pure 
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vegetable fixed alkali to the air, in a broad and shallow 
vessel, for the space of two months ; after which I found a 
number of solid crystals, which resembled a neutral salt so 
much as to retain iheir form pretty well in the air, and to 
produce a considerable degree of cold when dissolved in 
water. Their taste was much milder than that of ordinary 
salt of tartar ; and yet they seemed to be composed only of 
the alkali, and of a larger quantity of air than is usually con- 
tained in that salt, and which had been attracted from the 
atmosphere : for they still joined very readily with any acid, 
but with a more violent effervescence than ordinary ; and 
they could not be mixed with the smallest portion of 
vinegar. . . . without emitting a sensible quantity of air 
(A.CR. XVII. 42). 

The same salt was prepared by Cavendish and by Berg- 
man by the direct action of fixed air on a solution of the 
alkali. Cavendish, who examined it in 1766, found that in 
conq)arison with ordinary potash it contained twice as much 
fixed air relatively to its power of neutralising acids. 
Bergman also examined this salt, and made a rough 
analysis, which showed that it contained both water and 
fixed air in combination with the mild alkali {Essays, p. 18). 

Such salts, which contain a double portion of fixed air, 
were described by Bergman as “aerated vegetable alkali,” 
“aerated magnesia,” and so forth, but are now known as 
IUCAR 130 NATES. It is remarkable (as Bergman noticed) that 
whilst the excess of fixed air converts the mild alkalis into 
/ess soluble neutral salts, the solubility of chalk and magnesia 
in water depends on their conversion into 7 /iore soluble bi- 
carbonates. Similar soluble bicarbonates are probably 
formed when iron and zinc are dissolved by carbonic 
acid, since the carbonates of these metals are insoluble in 
w'ater. 


Summary and Supplement. 

Priestley (1772) showed that fixed air is produced when 
charcoal is burnt in air confined over water, or over mercury ; 
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in the latter case no change is produced in the volume of 
the air 

C + O2 CO2 (fixed air). 

Carbon + oxygen carbonic anhydride. 

Lavoisier (1774) showed that fixed air is produced during 
the reduction of a calx by charcoal, e.g. 

2PbO + C ->2Pb4-C02 
Litharge + carbon ^ lead + carbonic anhydride. 

By heating oxide of mercury {it) with charcoal and [b) alone, he 
proved that fixed air is the oxide of a pure charcoal, which he 
called (1787) carbon. 

2Hg0 + C«»2Hg + C02 
2lIgO (alone) 2Hg-f02 

Since diamond and graphite give when burnt the same weight 
of fixed air as pure charcoal, they are also composed of carbon, 
which thus exists in three al lotropi c {oxm^ (Berzelius, 1840). 

Bergman (1774) recognised fixed air as an “aerial acid.” 
Lavoisier and his colleagues, in 1787, called it carbonic acid ; 
it is now called carbonic anhydride. The salts (such as chalk 
and the mild alkalis) which contain fixed air in combination 
with a base were called carbona/es^ thus : 

Fixed air became carbonic acid 

(now carbonic anhydride, CO2). 

Potash became carbonate of potash 
(no V potassium carbonate, K2CO3). 

Soda became carbonate of soda 

(now sodium carbonate, Na2C03). 

Chalk became carbonate of lime 

(now calcium carbonate, CaC03). 

Magnesia became carbonate of magnesia 
(now magnesium carlionate, MgCOg). 

Black (1755), Cavendish (1766) and Bergman (1774), 
prepared a less soluble salt by combining potash with fixed 
air : this salt, the bicarbonate of potash, is decomposed by heat 
into (mild) potash, water, and fixed air (Bergman). 

2 KMCO 3 ^ K 2 CO 3 4- HgO 4- CO 2 . 

Bicarbonate of potash carbonate of potash 4- water 4* fixed air 
(potassium bicarbonate) (potassium carbonate) 
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Cavendish (1766), “On Ratlibone Place Water,” discovered 
that chalk and magnesia are rendered soluble by the presence 
of fixed air. This action is due to the production of soluble 
bicarbonates, thus ; 

CaCOj 4* H 2O + C02*> CaHgCCOj)., (calcium bicarbonate). 
MgC03 + H20-f-C02“>MgII.2(C03)2 (magnesium bicarbonate). 
The solution of magnesium bicarbonate is sold as “fluid 
magnesia.” 'I'he chalk and magnesia dissolved in this way 
give rise to temporary hardness ; they are thrown down when 
the fixed air is expelled by boiling or removed by the addition 
of lime. Permanent hardness is caused by soluble salts of 
lime and magnesia, such as the chloride and sulphate ; it 
may be removed by adding a mild alkali, e,g. 

CaS 04 + NaoCOg-^ CaCOaT Na 2 S 04 
IVIgCl2 + Na2C03“> MgC63 + 2NaCl. 

' Lane (1769) discovered that iron is dissolved by water 
containing fixed air, producing chalybeate waters. 

H2CO3 -f Fe FeCOs + H2 

(Carbonic acid) (Ferrous carbonate) 

FeCOg + Il2C03-^ FeH2(C03)2 

(Ferrous bicarbonate) 

By the action of air on the solutions a yellow rust is deposited ; 
at the same time the carbonic acid is set free to act again on a 
further quantity of iron. 

2 FeH2(C03)2 + H 2O + W., = 2 Fe(0 H \ + 4CO2 
(Ferrous bicarbonate) (Ferric hydroxide) 



CHAPTER VII 

THE BURNING OF INFLAMMABLE AIR, AND THE COMPOSITION 
OF WATER 

Priestley (1781) notices the formation of water as a 
product of combustion. — In ancient times the theory was 
held that all matter was derived from four “ elements,’’ — 
earth, air, fire, and water. The discovery of the composite 
nature of earths (such as the metallic oxides) and of air has 
been described in Chapter III ; in the same chapter an 
account has been given of the experiments which proved 
that fire is not a material substance, and cannot of itself add 
to, or subtract from, the weight of things. The composite 
nature of wat-^r was not suspected^ until a later period, 
although it was supposed to give birth to many material 
substances,, and even to vegetable and animal tissues.'^ 

^ “There are, 1 believe, very few maxims in philosophy that have 
laid firmer hold upon the mind, than that air, meaning; atmospherical 
air (free from various foreign matters, which were always supposed to 
be dissolved, and intermixed with it), \s^snnple elemenlary stibstance^ 
indestructible and unalterable, at least, as much so as water is supposed 
to be” (Priestley, Expen' fuents on Atr, II, 30 — 31). 

Van Helniont (1577 — 1644) planted a willow tree weighing five 
p< unds in 200 pounds of dry earth, and watering it with rain or 
distilled water, found that after five years it weighed 169 lbs., although 
the eart'ib had only lost two ounces. lie knew nothing of the air as a 
source of the combustible part of a plant, and coticluded that 164 
pounds of ^ wood, bark, roots, etc., had been produced from the w^ater 
alone. T 
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The observation which led to the discovery of the com- 
pound nature of water was made by Priestley, in 1781, in 
the course of “a mere random experiment, made to 
entertain a few philosophical friends’’ {Experiments and 
Observations^ 1781, V. Appendix, p. 398). This consisted 
in exploding a mixture of common air and inflammable air by 
means of an electric spark in a closed glass vesseL After 
the explosion the sides of the vessel were seen to become 
covered with dew. Further experiments made by Mr. 
Warltire {ibid,^ pp. 395-397) with a copper vessel appeared 
to indicate a slight loss of weight, owing, it was thought, 
to the heat which had escaped. This experiment attracted 
the attention of Cavendish, who repeated it in 1781, and 
published an account of his work in the Philosophical 
Transactions of the Royal wSociety for 1784, under the title 
“Experiments on Air” (A.C.R. III). 

Cavendish (1781) prepares water by burning inflam- 
mable air with common air. — Using a large explosion vessel 
capable of holding 24,000 grains of water, Priestley’s experi- 
ment “ was repeated several times with different proportions 
of common and inflammable air.” The best conditions were 
reached when 423 measures of inflammable air were exploded 
with 1000 measures of common air, whereby the volume of 
the air was reduced to 811 measures, and practically all the 
oxygen was removed. But, whatever the proportions in 
which the gases were mixed, Cavendish “could never perceive 
a loss of weight of more than one-fifth of a grain, and com- 
monly none at all.” Although the supposed loss of weight 
could not be confirmed, Cavendish found himself in agree- 
ment with Priestley when he noticed that : 

“ In all the experiments, the inside of the glass globe 
became dewy . . . ; but not the least sooty matter could be 
perceived” (A. C R. III. 13). 

“ The better to examine the nature of this dew, 500,000 
grain measures of inflammable air were burnt with about 2J 

I 
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times that quantity of common air, and the burnt air made to 
pass through a glass cylinder eight feet long and three- 
quarters of an inch in diameter, in order to deposit the dew. 
The two airs were conveyed slowly into this cylinder by 
separate copper pipes, passing through a glass plate which 
stopped up the end of the cylinder ; and as neither inflam- 
mable nor common air can burn by themselves, there was 
no danger of the flame spreading into the magazines from 
which they were conveyed. Each of these magazines con- 
sisted of a large tin vessel, inverted into another vessel just 
big enough to receive it. The inner vessel communicated 
with the copper pipe, and the air was forced out of it by 
pouring water into the outer vessel ; and in order that the 
quantity of common air expelled should be 2i times that of 
the inflammable, the water was let into the outer vessels by 
two holes in the bottom of the same tin pan, the hole which 
conveyed the water into that vessel in which the common 
air was confined being 2I times as big as the other.’' 

“ In trying the experiment, the magazines being first filled 
with their respective airs, the glass cylinder was taken off, 
and water let, by the two holes, into the outer vessels, till 
the airs began to issue from the ends of the copper pipes ; 
they were then set on fire by a candle, and the cylinder put 
on again in its place. By this means upwards of 135 grains 
of water were condensed in the cylinder, which had no taste 
nor smell, and which left no sensible sediment when evapor- 
ated to dryness ; neither did it yield any pungent smell 
during the evaporation ; in short, it seemed pure water.” 

“ By the experiments with the globe it appeared, that 
when inflammable and common air are exploded in a proper 
proportion, almost all the inflammable air, and near one- 
fifth of the common air, lose their elasticity, and are con- 
densed into dew. And by this experiment it appears, that 
this dew is plain water, and consequently that almost all the 
inflammable air, and about one-fifth of the common air, are 
turned into pure water” (A. C. R. III. 14 — 15). 

Cavendish prepares water by exploding inflammable 
air with oxygen. — Having thus shown that only one-fifth 
of the air was condensed by the explosion of ordinary air 
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with inflammable air, Cavendish repeated his experiments 
with oxygen in place of air.^ 

‘^In order to examine the nature of the matter condensed 
on firing a mixture of dephlogisticated and inflammable air, 
I took a glass globe, holding 8800 grain measures, furnished 
with a brass cock and an apparatus for firing air by electricity. 
This globe was well exhausted by an air-pump, and then 
filled with a mixture of inflammable and dephlogisticated 
air, by shutting the cock, fastening a bent glass tube to its 
mouth, and letting up the end of it into a glass jar inverted 
into water, and containing a mixture of 19500 grain measures 
of dephlogisticated air, and 37000 of inflammable ; so that, 
upon opening the cock, some of this mixed air rushed 
through the bent tube, and filled the globe.'^ The cock was 
then shut, and the included air fired by electricity, by which 
means almost all of it lost its elasticity. The cock was then 
again opened, so as to let in more of the same air, to supply 
the place of that destroyed by the explosion, which w^as 
again fired, and the operation continued till almost the 
whole of the mixture was let into the globe and exploded. 
By this means, though the globe held not more than the 
sixth part of the mixture, almost the whole of it was exploded 
therein, without any fresh exhaustion of the globe ” (A. C. R. 
III. 15-16). 

The gas remaining in the globe was found to be 2,950 
grain measures, of which about 1,000 consisted of unburnt 
oxygen. The residue, which w^as usually not more than one- 
fiftieth of the original mixture, Cavendish attributed to impuri- 
ties in the gases used, and concluded that if these “could be 
obtained perfectly pure the whole would be condensed.” 

The liquid condensed in the globe weighed thirty grains. 

^ Cavendish does not give any illustration of his apparatus ; it was 
evidently very similar to that of Monge (Fig. 26), but differed in that 
the gases were not drawn from separate reservoirs but from an inverted 
jar containing an explosive mixture of the two gases. 

“In order to prevent any water from getting into this tube, while 
dipped under water to let it up into the glass jar, a bit of wax was 
stuck upon the end of it, which was rubbed off when raised above the 
surface of the water.” 
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Cavendish noticed that it “was sensibly acid to the taste,” 
an observation which formed the starting-point of his 
experiments on the composition of nitric acid, described in 
Chapter X. The formation of acid was, however, only 
incidental, since when no excess of oxygen was used the 
liquid condensed after the explosion was pure water. 

Lavoisier (1777 — 1782) studies the burning of inflam- 
mable air. — The products resulting from the burning of 
inflammable air were being investigated in France about 
the same time that Cavendish was carrying out his 
experiments in England. 

Macquer, in 1776, “having presented a fragment of white 
porcelain to the flame of inflammable air burning quietly at 
the mouth of a bottle, observed that the flame was not 
accompanied by any smoke ; he found the fragment merely 
moistened with droplets of a colourless liquid . . . which 
he recognised ... as pure water” (Lavoisier’s Works^ 
11.335)-. 

Lavoisier, who had obtained acid products on burning 
sulphur, phosphorus, and carbon, carried out in 1777 the 
experiment of burning inflammable air in a flask containing 
lime-water. He found that no fixed air was produced by 
burning the gar prepared from oil of vitriol and iron. Four 
years later, in 1781 — 1782, he repeated the experiment with 
oxygen in place of air. 

“We took a bottle of six pints, which we filled with 
inflammable air ; we lighted it quickly, and poured into it 
two ounces of lime-water ; we closed the bottle at once with 
a wooden stopper, traversed by a pointed copper tube, 
connected by a flexible pipe with a reservoir filled with vital 
air. Contact between the inflammable air and the atmos- 
pheric air having been interrupted by the stopper, the 
surface of the inflammable air ceased to burn, but there 
formed at the end of the copper tube, in the interior of the 
bottle, a beautiful point of brilliant flame, and we saw with 
great pleasure the vital air burning in the inflammable air, 



VII THE BURNING OF INFLAMMABLE AIR 117 

in the same manner and with the same circumstances as 
inflammable air burns in vital air Decomposition and 
Recomposition of Water/^ Works, II. 334-359 ; p. 336). 

The experiment was repeated twice, with distilled water 
and with a diluted alkali in place of the lime-water ; the 
water, after the combustion, was as pure as before ; it gave 
no signs of acidity, and the alkaline liquor was precisely in 
the same condition as before the experiment. 

In June, 1783, the experiment was carried out on a larger 
scale, inflammable air and vital air from two large reservoirs 
being burnt together in a bell jar, inverted over mercury. 
Half an ounce of water was collected. 

“This water, submitted to all the tests that one could 
imagine, appeared as pure as distilled water : it did not 
redden tincture of tournesol ; it did not turn syrup of violets 
green ; it did not precipitate lime-water ; finally, by all the 
known tests, one could not discover the least sign of 
any impurity ” p. 338). 

Lavoisier .was able to interpret his observations very 
clearly and simply by means of his theory that burning 
meant combination with oxygen and not loss of phlogiston. 
In order to express his view that water was simply a compound 
of inflammable air with oxygen, in the formation of which 
“ phlogiston played no part whatever,” Lavoisier and his 
colleagues suggested in 1787 the name hydrogen, or “ water- 
producer,” for the inflammable gas. They say : 

“It is the only substance which produces water by its 
combustion with oxygen gas . . ., and we have therefore 
called it hydrogen, from ihtup, water, and ycivoftat, / beget ; 
experiments having proved that water is nothing but oxy- 
genated hydrogen, or the immediate production of the 
combustion of oxygen gas with hydrogen gas, deprived of 
the light and caloric which disengage during the combustion” 
{Chemical Nomenclature, tr. 1788, p. 24). 
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Lavoisier (1784) decomposes water by means of iron. — 

Having shown that water must be regarded as a compound 
of inflammable air with oxygen, Lavoisier argued that it 
should be possible to obtain inflammable air by the removal 
of oxygen from water. This he succeeded in doing by 
passing steam through an iron gun-barrel (Fig. 25) heated 
in a charcoal furnace (Meusnier and Lavoisier, “ Decom- 
position of Water, 1784; IVor^s^ll. 360 — 373). 

Lavoisier writes : 

“ If, when the gun-barrel is red and incandescent, water 
is allowed to flow drop by drop in very small quantities, it 
is decomposed completely, and none of it escapes from the 
lower opening of the gun ; the oxygen of the water combines 
with the iron and calcines it ; at the same time the 
inflammable constituent of the water, set free, passes into 
the gaseous state, with a specific weight about 2/25 of that 
of common air. At the beginning of the experiment, the 
production of inflammable air is very rapid ; it soon 
becomes slower, and reaches a uniform condition, which lasts 
several hours ; finally, at the end of eight to ten hours, more 
or less, according to the thickness of the barrel, the jiassage 
of inflammable air becomes slower, and the water ends by 
escaping entirely from the gun, as it entered it, without 
decomposing. If this operation has been pushed to the 
end, all the substance of the iron which composed the 
gun-barrel is converted into a black, brilliant substance, 
crystallised in facets like specular iron ore . . . : this 
substance occupies a much greater volume than the iron 
from which it was produced ; the gun-barrel is consequently 
increased in thickness, and its internal diameter considerably 
diminished.” 

“ The phenomena are very different if a metal is used for 
which oxygen has less affinity than for inflammable air : if, 
for example, *one substitutes, in the preceding experiment, a 
copper barrel for one of iron, the water is reduced to vapour 
by passing through the incandescent part of the tube, but it 
condenses by cooling in the worm ; the process is then only 
a simple distillation without loss, and there is neither 




Fig. 25— Lanoisier’s Apparatls for decomposing Steam in 
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calcination of the copper, nor production of inflammable 
air (Works, II. 352 ~ 353 )* 

Early quantitative experiments on the composition of 
water. — Almost simultaneously with the work of Cavendish 
and Lavoisier, the formation of pure water as the sole pro- 
duct of burning hydrogen and oxygen was noticed by 



Fic. 26 — Mongk’s Apparatus for explodjng 
Hvdrogkn and Oxygen in an exhausted gi.obe. 


The gases were admitted through syphon-tubes, />r, 

PR, into the graduated measuring-cylinders, C// ; they 
passed through the taps, /A', to the globe, Af, which was 
exhausted through a tap, L, leading to an air-pumj) at O. 

Monge, who carried out a series of careful quantitative 
experiments in June and July 1783 (Mem, Acad. Sci., Paris, 
1783, 78-88). Using the apparatus shown in Fig. 26, he 
exploded measured volumes of hydrogen and ox3^gen in 
an exhausted glass globe, and thus collected a large 
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quantity of the liquid product. The method of procedure 
was to admit volume of oxygen, fill up with hydrogen, 
and explode ; by admitting fresh quantities of oxygen to 
the excess of hydrogen six further explosions .could be 
made. A fresh supply of hydrogen was then admitted 
and the process repeated until 137 explosions had taken 
place ; the globe was then found to be filled with a 
residue of non-explosive gas, which was drawn out by means 
of a pump, collected and measured. At the end of three 
series of experiments, in which 372 explosions were made, 
the quantities of gas used were : 

Hydrogen 145 iVt P^nts. 

Oxygtn 74 A 

The weight of gas, calculated from the measured densities, 
was : 

Hydrogen ... ... ... 442*03 grains. 

Oxygen ^ 786*53 ,, 

, 2228*56 ,, 

Or corrected for changes of pressure 2187*56 ,, 

The products were *. 

Liquid ... ... ... ... 1917*10 grains. 

Unburnt gas (7 pints) n 

2089*01 ,, 

Deliciency ... ... . . 98*55 grains. 

“ This liquid, perfectly transparent, reddened impercep- 
tibly paper tinted blue by tournesol, much less than that 
obtained in a previous experiment, less even than saliva. 
I'his acidity can not be attributed to fixed air, because the 
liquid did not precipitate lime-water, and because distilled 
water, equally acidulated by fixed air, at once rendered lime- 
water milky ; it scarcely w*hitened a solution of silver in 
nitric acid, and a little more sensibly that of mercury in 
the same acid. In addition to its slight acidity, it has also 
the empyreumatic taste that water always acquires in distilla- 
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tion ; this product must then be regarded as pure water 
charged with the small quantity of vitriolic acid which in- 
flammable air carries when prepared by the dissolution of 
iron.” 

‘^It follows from this experiment, that when inflammable 
air and dephlogisticated air, both pure, are exploded, there 
is no other product but pure water, heat, and light ” (loc. cit.^ 
pp. 86 and 87). 

Mongers experiments agreed with those of Cavendish and 
with the later experiments of Humboldt and Gay Lussac 
{/oiirn. de Physique^ 1805, 60 , 129 — 168), in showing that the 
volume of hydrogen used in the explosion is about twice as 
great as that of the oxygen. But, owing to the use of moist 
gas, the density of the hydrogen and its proportion by weight 
were greatly over-estimated. It is, however, noteworthy that 
the method used by Monge in 1781 was essentially the same 
as that employed 115 years later in the classical experiments 
of Scott and of Morley, who determined the composition of 
water with very great accuracy by measuring the densities 
of the two gases and the ratio of their combining volumes. 

Volta’s eudiometer. — The fact that oxygen and hydrogen 
(unlike nitrous air and oxygen, Chapter X, p. 201) combine 
together in a defl lite ratio, was used by the Italian physicist 
Alexandro Volta (1745 — 1827) {Anna/i di C/iimica, 1790, 
I. 171 — 232; 1791, II. 261 — 286; 1791, III. 36 — 45) to 
estimate these gases. In order to explode the gases together, 
Volta introduced a metal cap, carrying an insulated wire, 
c, into the upper part of the graduated tube which constituted 
Priestley's ‘‘ eudiometer.” The instrument thus modified 
was known as volta's eudiometer (Fig. 27). In order to 
estimate oxygen, for instance in atmospheric air, an excess 
of hydrogen was added and the mixture exploded ; as 
two volumes of hydrogen combined with one of oxygen to 
form water, one-third of the decrease of volume was due to 
oxygen, the volume of which could thus be estimated very 
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accurately. This method of analysis had two advantages (i) 
the hydrogen need not be pure, and (2) the volume of 
hydrogen added need not be adjusted accurately. 


In the hands of Gay-Lussac, 
others, Volta’s eudiometer be- 
came an important instrument, 
not only for the estimation of 
oxygen and hydrogen, but for 
the examination and analysis 
of other combustible gases. 

Water is produced by the 
action of inflammable air on 
metallic calces. — The revivifi- 
cation of metallic calces by in- 
flammable air was discovered in 
1785 by Priestley (Experiments 
and Observations^ 17 86, VI, 5). 

By means of a burning 
glass, he heated red lead in a 
bell -jar inverted over water 
and filled with the inflammable 
gas. As soon as the red lead 
became dry the inflammable 
air was absorbed ^ and metallic 
lead was produced ; no other 
product was seen and Priestley 
concluded that : 

red lead + inflammable air 
(phlogiston) = lead^ 

the inflammable air being re- 
garded by him as pure phlo- 
giston. 

* loi volumes of the gas were 
reduced to 2, which still consisted 
of inflammable air aV. p. 7). 


Berthollet, Cruikshank, and 



Fk;. 27— Volta’s Eudiometer. 

The funnel at the base was used 
to collect the gas over water con- 
tained in the trough C, The rin^ 
I? was u-seii to read off the posi- 
tion of the meniscus, on the 
graduated scales which euvelopf'd 
the greater part of the tube. Details 
of the sparking-device are shown at 
aJc. 
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Lavoisier called attention to the fact that the calx was 
diminished in weight by its combination with inflammable 
air, and concluded that some other product, namely water, 
must be formed in addition to lead, thus : 

red lead + hydrogen — lead + water. 

Water was also produced in small quantities when red lead 
was revivified by means of charcoal, showing that the 
charcoal contained hydrogen as well as carbon (Lavoisier’s 
WorJzs, IL 344— -348). 

Oxidation and reduction. — The oxides of copper and iron 
can be reduced like red lead by heating them in a current 
of hydrogen, but the refractory oxide of zinc is not acted 
on by the gas. The case of iron is of interest because 
red-hot iron is oxidised by heating in a current of steam 
(p. 1 18) but the oxide is reduced when a current of hydrogen 
is passed over it. The action is therefore reversible, pro- 
ceeding in one direction or the other, as shown by the 
two arrows, according as hydrogen or steam is present in 
excess. 

iron + st€am:^iron oxide -f kydroge?i. 

It should be noticed that the term oxidation is often 
used to describe the removal of hydrogen as well as the 
addition of oxygen, whilst the converse process of rbduction 
may result either in the removal of oxygen or the addition 
of hydrogen. 

Dumas’s experiments on the composition of water, 
( 1842 ) . — The reduction of copper oxide by hydrogen was 
used by Berzelius and Dulong in 1820 {Ann. de Chimicy 15 , 
386-395) to determine the composition of water. Instead 
of weighing the two gases of which it is composed, they 
weighed the water and calculated the weight of the oxygen 
from the loss in weight of the copper oxide ; the difference 
between these weights gave the weight of the hydrogen. 
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They found the ratio : 

oxygen : hydrogen == 88*9 ; 11*1 

- 801 : 1 

This experiment was repeated on a very large scale by 
the French chemist Jean Baptiste Dumas (1800-1884) in 
1842 ( ‘‘ Researches on the Composition of Water,” 
Ann. de Chimie^ 1843, 8,189-207). In Dumas’ experiments 
(Fig. 28), the hydrogen, prepared by the action of zinc on dilute 
oil of vitriol, was purified and dried by passing through seven 
U-tubes, each a metre in height ; the purifying agents were 
(i) lead nitrate solution to remove sulphuretted hydrogen, (2) 
silver sulphate solution to remove arseniuretted hydrogen, 
(3) potash (three tubes) to remove acid vapours. I'he dry- 
ing agent was (4) sulphuric acid cooled in ice, or phosphoric 
anhydride (two tubes). The purifying agents were distributed 
over broken glass or pumice in order to secure proper con- 
tact with the gas. After the purification no odour could be 
detected even when a hundred litres of the gas were allowed 
to escape into the air. 

The copper oxide was contained in a large bulb of hard 
glass provided with a beak a metre long to condense the 
water formed on reduction. The bulb was weighed, after 
removing the air by means of a pump. Before heating, the 
air in the apparatus w^as displaced by hydrogen, but a cor- 
rection was needed for the fact that the sulphuric acid used 
in making the gas contained a little oxygen, which con- 
tributed something to the weight of water produced.^ 
During the reduction, which occupied 10 to 12 hours, 
the bulb was heated by a large spirit lamp. After 
allowing the copper to cool, the hydrogen in the apparatus 
w^as displaced by air ; the bulb was again exhausted by 
means of a pump and the loss of weight was determined by 
a second weighing of the bulb. 

^ In later experiments this was got rid of by passing the gas over hot 
copper before drying it. 
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The water was collected in a smaller bulb, followed by a 
series of drying tubes, similar to those used to dry the 
hydrogen. The water could not be weighed in a vacuum, 
but the observed weight was corrected for the buoyancy of 
the air which it displaced. In all, more than a kilogram of 
water was collected. 

In a typical experiment, using phosphoric anhydride as 
the drying agent, the figures were : 

Exhausted bulb and copper oxide ... ... 673*280 grams. 

M copper 613*492 ,, 

Oxygen = 59*788 ,, 

Bulb and drying tubes ... 931*487 ,, 

,, ,, ,, with water 99S700 ,, 

67*213 ,, 

Air correction ... ... 0*069 >> 

Water = 67*282 ,, 

Hydrogen combined with i part of oxygen =0*12533 ,, 

Ditto, corrected for air in the sulphuric acid = 0*12508 ,, 

From nineteen experiments Dumas concluded that the 
ratio of hydrogen to oxygen lay between 0*1250 and 0*1256. 
This gives the ratio of oxygen to hydrogen as 8*oo to 7*96, 
or taking a mean value, 

oxygen ,* hydrogen ~ 7*98 : 1 . 

Scott’s determination of the composition of water. — 

The figures obtained from the laborious experiments of 
Dumas remained unchallenged for almost half a century. 
In 1893, however, Alexander Scott Trans ,, 1893, 184 , 
543-568) obtained an independent value for the composition 
of water by reverting to the method of finding the composi- 
tion by weight from the densities and combining volumes of 
the gases. The densities had been determined with very 
great care by Lord Rayleigh. Scott measured the com- 
bining volumes by exploding the moist gases after carefully 
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comparing their volumes at atmospheric temperature and 
pressure. 

The hydrogen was prepared by the action of metallic 
sodium on steam, with or without absorption by palladium 
(see footnote, p. 130). The oxygen was prepared by heating 
silver oxide. Both gases were of the highest degree of purity, 
the residue of impurity left after explosion being usually less 
than one part in 100,000. The ratio of the combining 
volumes was found to be 2*00245 at 14° to 18° C. Lord 
Rayleigh’s determination of the densities of the gases had 
given the ratio 15*882 : i, the combining weights of the 
two gases were therefore in the ratio, 

oxygen : hydrogen ~ 7 * 931 : 1 . 

Morley’s experiments on the composition of water.— 

The redetermination of the composition of water by 
E. W. Morley in the year 1895 (Snn'/hsoman Contributions 
to Kfiowledge^ tr. Zcit. physikaL Chem., 1896, 20 , 68, 242, 
417) was carried out with extraordinary care and accuracy, 
and has already become one of the classics of scientific 
literature. 

In these experiments the use of copper oxide was again 
discarded ; the hydrogen and oxygen were weighed directly, 
as in the earliest experiments, but with all the added 
resources which had accrued from the experimental work 
of the intervening century. 

The density of oxygen (prepared by heating potassium 
chlorate or by electrolysing dilute sulphuric acid) was 
determined by weighing it directly in globes of 20 litres 
capacity, suspended in pairs ^ in a large desiccator-cupboard 
from the pans of a balance (Fig. 29). In a typical experiment 
the data were : 

^ The method of weighing a glass globe against a counterpoise of 
similar form was introduced by Regnault : it serves to eliminate most of 
the errors caused by variations of barometric pressure and of the amount 
of moisture in the atmosphere. 
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Volume... 21568*40.0. Weight ... 28*4308 grams. 

Temperature ... 17*48° C. Corrected ... 17*40° C. 

Barometer .. 745*91 nim. Corrected ... 746*29 mm. 

Weight of I litre of oxygen at sea level in 45° 

latitude, at 0° C. and 760 mm. prc.s.sure ... 1*42883 grams. 

The mean of three complete series of experiments, in which 
different methods were used for measuring temperature and 
pressure, gave the value 1 *42900 ±0’000034. 



Fig. ag— M orlev's Apparatus for measuring the Density 
OF Oxygen. 

The density of hydrogen was determined in a different 
way, both on account of the difficulty of weighing i*8 grams 
of gas in a globe 600 times heavier, and also because of the 
risk that this small weight might be increased appreciably 

k: 




130 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 

by the presence of mercury vapour. In the final series of 
experiments, therefore, the gas was weighed in a tube filled 
with metallic palladium {Fig. 30);^ on heating the tube the 
gas was expelled into three large globes immersed in ice ; the 
pressure produced in these globes by a known weight of gas 
was measured. In a typical experiment the data were : 

Volume of three globes .. ... ... ... 43*2574 litres. 

,, ,, air space in manometer ... ... 0*0536 ,, 

,, ,, leads 0*0365 „ 

Temperature, 0“ C. Total volume .-.=43*3475 »> 

Pressure (corr.), 725*30 m.m. 

Weight = 37158 grams. Correction to sea-level, etc., 1-00046. 

, 37158 760*00 

Density of hydrogen X X 1*00046 = 0*089864 

gram per Hire. 

Twenty-five experiments made in this way gave an average 
value 

0-089873 ±00000027. 

In order to find the weights of the gases which combined 
together to form water, it was necessary next to delermine 



Fig. 30— -Morley’s Pali.adium-tube for weighing Hydrogen. 

« Is a bulb containing 600 grams of palladium ; contains phosphoiic 
anhydride to dry the gas ; cr is a seal of fusible metal. 


the ratio of their combining volumes. For this purpose 
Morley prepared a mixture of the two gases by passing an 
electric current through dilute potash cooled in ice. The 
apparatus was provided with drying tubes and a tap, and 
was arranged so that it could be weighed before and after 

^ Morley used 6c»o gram.s of palladium ; he found that this quantity 
abs<»rbed 3*8 grams of hydrogen and liberated 3*7 grams, occupying 
over 40 litres. This novel and important method of purifying and 
weighing hydrogen was introduced by Chirikoff in 1882. 
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delivering the gas. The density of the gas was determined 
in the same way as in the case of hydrogen, by finding the 
pressure produced in the three large i ji 

globes by a known weight of the gas, I i 

In a typical experiment 2yo26g | [ 

grams of the gas produced a pressure i I 

753*97 volume of A _ fl|| 

43-3628 litres; density 0-535513; |j| ^ |l 

mean of lo experiments 1^ / \ | 

0*535510 ± 0*000010. From this |||| 

density the proportion of hydrogen I |h^ 

to oxygen was calculated, after |jl , j ra 

making various corrections, to be ^ ! |3 

2*00357. By exploding the gas in W/i I/W 
a eudiometer it was found that 1] If 

there was a slight excess of hydrogen, 
amounting to 0*000293 of the total i 

volume or 0*00088 of the volume of i 

the oxygen. The combining volumes ' 

were therefore in the proportion ; 

hydro<^en : oxygen = 2*00269 : 1. | 

A second method of determining 
the composition of water was by | J 

weighing the water produced by the 
combination of known weights of 
hydrogen and oxygen. The hydro- ^ 

gen (21 litres) was drawn from a Img. si-moklev’s Com* 
palladium bulb a (Fig. 30) provided Thrg™reldmi...d 
with a drying tube of phosphoric 
anhydride and a tiny plug of ,Tg^at 

fusible metal ^*10 place of a tap. The 

oxygen (42 litres) was drawn from two large globes which 
were weighed in the same way as in the density experiments. 

The combustion was carried out in a cylindrical glass 
tube (Fig. 31) surrounded wdth cold water (Fig. 32) and 
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provided with two jets a a and a pair of wires //for a spark to 
ignite the gas. The tube was exhausted before and after the 
combustion ; the water produced was frozen before exhaust- 
ing, and drying tubes b were provided on either side in order 
that none of the water might be lost. The gas remaining 



Fig. 32— Morley’s Apparatus? for the Combustion of Hydrogen 
AND Oxygen. 

The leads for the hydrogen (on the left) and for the oxygen (on the right), with 
the regulating taps are hidden behind the wooden frame. ^ They aie joined to 
the combustion-tube by long, flexible, glass leads, terminating in drying lubes. 
The upper part of the combustion-chamber is surrounded by water, the lower 
part by a freezing-mixture. 


in the chamber at the end of the experiment was collected 
and analysed. In a typical experiment the weights were : 

Hydrogen 3-8223 -o*cx)i 2= 3-8211 grams. 

Oxygen 30*3775 “O ’0346 = 30*3429 


Total 


= 34-1640 „ 


Water 


= 34*1559 M 


Whence oxygen to hydrogen 
water to hydrogen 


= 7*941 

= 8-939 
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The mean of twelve experiments in which 400 grams of 
water were produced gave the ratios 

oxygen to hydrogen — 
water to hydrogen — 

From the ratio 15*9002 of the densities and 2*00269 
the combining volumes, the two constituents are in the 
ratio 

oxygen : hydrogen ~ 7*9395 : 1 . 


The high order of accuracy reached in these modern 
measurements on the composition of water is shown by the 
following comparison of the values for 0° C. and 760 mm, 
pressure. 

Ratio of densities Rayleigh 15*882 

,, (reduced to o^C.) 15*900 

Morley 15*9002 

Ratio of volumes Scott 2*00245 

,, (reduced to o^C.) 2*00285 

Morley ... 2*00269 

Ratio of weights Rayleigh & Scott ... 7*931 

Morley {a) 7*9396 

(from oxygen : hydrogen) 

Morley {b) 7*9392 

(from water : hydrogen) 

Morley (r) ... ... 7*9395* 

(from combining volumes) 


SUMM.ARY AND SUPPLEMENT. 

A. Water an Oxide, 

Cavendish, in 1781 (“ Experiments on Air,” Part I, published 
in 1784), showed that pure water, without taste or smell, was 
produced by exploding or burning a mixture of inflammable 
air with 2J times its volume of common air. Water was also 
formed when that gas was exploded with ^ volume of oxygen, 
but in this case the product was slightly acid. 

Lavoisier, in 1783, prepared half an ounce of pure water by 
burning oxygen and inflammable air. He also proved the 
presence of oxygen in water by passing steam through a red- 
hot iron gun-barrel, when inflammable air and magnetic oxide 
of iron were produced. These experiments showed that water 
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was not an element, as had been supposed previously, but a 
compound of inflammable air with oxygen. Lavoisier and 
his colleagues in 1787 therefore gave to the inflammable air 
the name “hydrogen” or water-producer (compare German 
wasserstoff). Lavoisier’s “Decomposition and Recomposition 
of Water” may be represented by the equations : 

3Fe4-4H20-> + 4H2 

Iron + steam oxide of iron + hydrogen 
2H0 + O2 2H2O 

Hydrogen + oxygen water-vapour. 

Priestley, in 1785, showed that many metallic oxides could 
be reduced to metals by heating them in hydrogen ; Lavoisier 
showed that water is also produced. The action may be 
represented by equations such as the following : 

PbO + H. Pb 4- OH2 
Litharge + hydrogen ^ lead -f water-vapour 
CuO 4* H2 Cu 4- OH2 

Copper oxide -f hydrogen copper 4* water-vapour. 

Iron oxide is also reduced by hydrogen ; this action is 
therefore reversible : 

Fc304 + 4H2:^3Fe + 40Hj, 

the action proceeding in one direction or the other according 
as hydrogen or steam predominates in the gas. 

B. The Composition of Water. 

Cavendish, in 1781, showed that water w^as formed by the 
combination of two volumes of hydrogen with one volume of 
oxygen. This proportion was confirmed by Lavoisier, Monge, 
and others, who burnt or exploded together large volumes of 
the two gases, as well as by the careful experiments on the 
explosion of hydrogen and oxygen which Gay-Lussac and 
Humboldt carried out in 1805 with the help of Volta’s 
“eudiometer.” Monge used the measured densities of the two 
gases to calculate the composition of water by weight, but 
obtained very erroneous results as the hydrogen was not dried. 

Berzelius and Dulong, in 1820, made the first successful 
determination of the composition of water by using copper 
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oxide to oxidise the hydrogen and measuring the weight of 
water produced and the loss in weight of the copper oxide 

CiiO -f Hg Cu -f OH2. 

They found the ratio 

Oxygen : hydroj^en — ^'^il : 1. 

This method was used on a large scale by Dumas in 1842. He 
purified the hydrogen 

from sulphuretted hydrogen by means of lead nitrate solution ; 
from arscniurcticd hydrogen by means of silver sulphate solution ; 
from acid vapours by means of potash ; 

from water-vapour by means of oil of vitriol cooled in ice, or 
by means of phosphoric oxide ; 

these purifying agents were contained in seven U-tubes, each 
I metre in height. The copper oxide and copper were 
weighed in a large vacuous bulb provided with a beak one 
metre in length ; during the reduction the bulb was heated by 
a large spirit lamp. In 19 experiments Dumas prepared one 
kilogram of water and found the ratio 

Oxygen : hydrogen — : 1. 

Scott, in 1893, reverted to the method used by Monge. He 
exploded pure hydrogen and oxygen and found the combining 
volumes to be in the ratio 2*00245 : 1. When combined with 
densities measured by Rayleigh, this gave the composition 

Ovygen : hydrogen : 1. 

Morley, in 1895 (Oj weighing the gas in large globes 
containing 22 litres found the density of oxygen to be 

1*42900 grams per litre at C. and 760 mm. pressure. 

(2) By measuring the pressure produced in three globes of 
43 litres capacity when a known weight of hydrogen was 
expelled from palladium, he found the density of hydrogen to be 

0*089873 gram per litre at o'’ C. and 760 mm. pressure. 

(3) By exploding a mixture of hydrogen and oxygen he found 
the combining volumes to be in the ratio 2*00269 : 1 at 0° C. 
Whence the composition by weight is found to be 

Oxygen : hydrogen — : 1. 

(4) By burning together in a special combustion - chamber 
known weights of hydrogen and oxygen (weighed as in the 
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density measurements), Morley found the composition of water 
by weight to be 

Oxygen : hydrogen = 1^93% : 1 ; 
whilst the weights of the oxygen and water gave the ratio 


Oxygen : hydrogen = : 1 ; 

mean, 

Oxygen ; hydrogen=7’939i : 1 . 



CHAPTER Vni 

THE BURNING OF INFLAMMABLE GASES, LIQUIDS, AND 
SOLIDS 

A. An Inflammable Oxide of Carbon. 

Lassone (1776) prepares an inflammable gas by 
reducing the calx of zinc with charcoal— The loss of 
weight, which takes place when a calx such as litharge is 
reduced to a metal by heating it with charcoal, was proved 
by Lavoisier to be due to the escape of a very large volume 
of fixed air (carbonic anhydride). A different, and some- 
what perplexing, result was observed when the white calx of 
zinc was reduced in this way. This experiment, which was 
carried out by Lassone in 1776, gave rise to an inflammable 
gas, but one that differed in a very marked way from the 
inflammable air (or hydrogen) which he obtained by the 
action of alkalis, as well as of acids, upon the metal. 

“ From a mixture of a half-ounce [288 grains] of zinc 
calx and a gros [72 grains] of charcoal powder put into a 
pistol barrel, I extracted in the fire of a forge 96 cubic 
inches of a gas, which burns rapidly without detonating ; 
the flame is blue : this kind of air at first permanent 
mixes afterwards little by little with water, it does not 
redden nitrous air.’’ 

Two gros [144 grains] of Prussian blue submitted in a 
pistol barrel to the action of a forge fire, gave more than 

*37 
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34 cubic inches of air which burns without detonating, 
producing a very beautiful blue flame. 

“These two last experiments give an inflammable air of 
quite a peculiar character ; for it does not make the 
smallest explosion, nor the least noise when inflamed, 
after mixing with common air or with dephlogisticated air 
from which it follows that there appear to exist up to the 
present two distinct kinds of inflammable gas ; one which 
inflames rapidly with explosion and great noise when mixed 
with common atmospheric air, and which detonates still 
more strongly when mixed with dephlogisticated, or pure 
air ; and the second, which although mixed with the two 
preceding gases, always burns quietly without noise.” 
{Mem. Acad, Sci.^ Paris, 1776, 90, 686-696 ; p. 691.) 

Priestley (1785) prepares an inflammable gas from 
smithy scale. — A few years later, in 1785, Priestley noticed 
the production of a similar inflammable gas during the 
reduction of smithy scale, or finery cinder, the bluish- 
black calx formed when iron is burnt in air. 

“ Having made the scales of iron, and also the powder of 
charcoal very hot, previous to the experiment, so that I was 
satisfied that no air could be extracted from either of them 
separately by any degree of heat, and having mixed them 
together while they were hot, I put them into an earthen 
retort, glazed witi.in and without, which was quite impervious 
to air. This I placed in a furnace, in which I could give it 
a very strong heat ; and connected with its proper vessels to 
condense and collect the water which I expected to receive 
in the course of the process. But, to my great surprise, not 
one particle of came over, but a prodigious quantity 

of air, and the rapidity of its production astonished me ; so 
that I had no doubt but that the weight of the air would 
have been equal to the loss of weight both in the scales and 
in the charcoal ; and when I examined the air, which I 
repeatedly did, I found it to contain one-tenth of fixed air, 
and the inflammable air, which remained when the fixed air 


' i.€.y oxygen. 
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was separated from it, was of a very remarkable kind, being 
quite as heavy as common air” (Experitnents and Observa- 
tions^ 1786, VI. 109). 

This observation attracted a great deal of attention. 
According to Lavoisier’s theory the reduction of an oxide 
with charcoal should give rise to the metal and fixed air ; in 
this experiment hydrogen appeared to be produced instead. 
The only explanation that the French chemists were able to 
give of the production of the inflammable gas was that the 
charcoal, even when strongly heated, retained a certain 
amount of hydrogen, which it released only when burnt 
with the help of a suitable oxide. 

Cruikshank (1801) recognises an inflammable oxide 
of carbon. — The real nature of this inflammable gas was 
discovered in 1801 by W. Cruikshank of Woolwich 
{Nicholson^ s Jourfial^ April 1801, 5 , 1-9), who proved it 
to be an oxide of carbon. This was generally regarded as 
an impossible view, on account of the low density of the 
gas. The French chemist, C. L. BerthoUet (1748—1822), 
for instance, in 1809 {Mem, Soc, Arcueil, 1809, IL, 68 — 93, 
p. 85), pointed out that this oxide would be “ the only 
example that one can quote, in which the gaseous compound 
would be lighter than the lightest of its component 
elements ” and argued that the gas must contain hydrogen. 

Cruikshank examined the gases formed by reducing the 
black oxide of iron and the white oxide of zinc, and then 
proceeded to study the reduction of the red oxide of copper, 
of litharge, and of the black oxide of manganese described 
by Scheele (p. 210). He found : 

(1) “That all metallic oxides capable of enduring a red 
heat, will, when mixed with charcoal, not only yield carbonic 
acid, but also a very considerable quantity of an inflammable 

(2) “That tliosc oxides which retain their oxygen most 
obstinately, yield the greatest quantity of inflammable gas ; 
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and on the contrary, that those which part with it readily, 
afford the greatest proportion of carbonic acid. 

(3) “ That the carbonic acid gas was chiefly disengaged 
at the beginning of the process, and the purest and greatest 
quantity of inflammable gas towards the conclusion of it 
{he. cit, p. 3). 

The gas, after washing with lime water to remove the 
carbonic anhydride, had a density 22/23 of that of air. 
When exploded with oxygen in a Volta eudiometer it was 
converted into fixed air. ‘ But it required for its combustion 
less oxygen than was present in the fixed air produced 
from it. The gas therefore contained carbon already 
combined with oxygen, the proportion of carbon being 
greater and the proportion of oxygen less than in fixed air. 
Cruikshank described the gas as the gaseous oxide of 
CARBON, but it soon became known as carbonic oxide. 

Cruikshank prepares carbonic oxide by reducing 
carbonates with iron. — Cruikshank showed that many 
gallons of the gas could be prepared by heating carbonated 
baryta or common chalk with iron plates. In this experi- 
ment fixed air combined with baryta or with lime was 
reduced to carbonic oxide by the iron, which removed from 
it a part of the oxygen which it contained. This method 
of preparation h id the advantage of giving a gas which was 
free from hydrogen ; the gas prepared from charcoal always 
contained hydrogen, thus affording some justification for 
Berthollet’s view that the gas was a hydrogen-compound. 

Desonnes and Clement (1801) investigate the inflam- 
mable oxide of carbon. — The composition of this gas was 
also investigated in France, by De'sormes and Clement. 
They found, in 1801, that the inflammable gas prepared by 
heating zinc oxide with charcoal gave no deposit of dew 
when burnt under a cold bell-jar, and that no drops of water 
were formed when it was exploded with oxygen over 
oil. They measured the volume of oxygen used and 
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the volume of carbonic anhydride produced in the 
explosion, and concluded that, whilst carbonic anhydride 
contained 28% of carbon, the inflammable oxide contained 
53% of carbon and 47% of oxygen On the Reduction of the 
White Oxide of Zinc by Carbon, and on the Gaseous Oxide of 
Carbon which is produced.” Ann.de Chimicy 1801, 39 , 26-64.) 

Desormes and Clement prepare carbonic oxide by the 
reduction of carbonate!. — Having established the nature of 
the gaseous oxide, Desormes and Clement proved that the 
same gas is formed during the reduction with charcoal of 
refractory carbonates, such as that of baryta. This carbon- 
ate resembles chalk in that it efiervesces when acids are 
added to it ; but it differs from chalk in that it is not readily 
decomposed by heat. Whereas carbonated magnesia can 
be decomposed in glass vessels, and chalk in an earthenware 
retort (Ch. IV., p. 49), carbonated baryta must be decom- 
posed by heating with charcoal : the fixed air is then 
reduced and escapes in the form of carbonic oxide. It 
should be noted that Cruikshank prepared carbonic oxide 
from the same carbonate by the action of iron (p. 140). 

Desormes and Clement describe their experiments as 
follows ; 

The preceding experiments show that the gas generated 
by the reduction of oxide of zinc, was only oxygen and 
carbon which, meeting at a high temperature, combined in 
different proportions from those of carbonic acid. It 
seemed possible to form this combination by uniting carbon 
and carbonic acid. 

“ One recalled the experiment of Pelletier who, by the 
addition of charcoal to carbonate of baryta, succeeded in 
driving out the carbonic acid from it by simple heat, and 
one believed that in this experiment the carbonic acid 
combining with the carbon, had formed a gas similar to 
that obtained in the reduction of oxide of zinc, and was 
separated easily from the baryta on account of its greater 
elasticity. 
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“ The experiments were made and the results agreed per- 
fectly with our view. 

“To i6 grams of carbonate of baryta made directly, 5 
grams of charcoal were added and the mixture was heated 
in an apparatus similar to that used for the reduction of the 
oxide of zinc. 

“After three hours’ heating, a hole was formed in the 
retort, and the heating was stopped : there had been collected 
three litres of a gas of which the first portions contained 1/6 
of carbonic acid and 5/6 of an inflammable gas similar in 
every respect to carbonic oxide. The last portions contained 
hardly any carbonic acid. 

“In the residue were found 1*64 gram of pure baryta.” 
(Joe. ciL, p. 45.) 

Desormes and Clement prepare carbonic oxide by re- 
ducing carbonic anhydride with charcoal. — Desormes 
and Clement made many attempts to prepare carbonic 
oxide by the direct combination of carbon with air or 
oxygen. They found that carbonic anhydride was in- 
variably formed as the first product of combustion, but 
that this gas could be reduced to carbonic oxide by passing 
it through red-hot iron tubes packed with charcoal [ioc. cif.^ 
p. 46). The gas was passed to and fro until no further 
increase of volume was caused by the reduction. At the 
present time large quantities of inflammable gas are manu- 
factured in this way, by passing air through hot coal or coke ; 
the oxygen first forms carbonic anhydride, which is then con- 
verted into carbonic oxide by the excess of hot fuel ; the 
product, known as producer gas, consists mainly of 
carbonic oxide and carbonic anhydride, diluted with large 
volumes of nitrogen. 

Desormes and Clement decompose water by means of 
charcoal. — It was well known that large quantities of 
inflammable gas could be produced by heating moistened 
charcoal. The nature of this process was elucidated by 
Desormes and Clement, who showed that the charcoal 
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reduces the water, liberating hydrogen from it, and is itself 
converted into carbonic oxide {loc. cit.y p. 52). This gas is 
now prepared by blowing steam into fuel that has been 
made hot by an air-blast, and is known as water gas ; it 
consists mainly of hydrogen, carbonic oxide, and carbonic 
anhydride. As the steam cools the fuel, water-gas can 
only be prepared alternately with producer gas ; a mixture 
prepared by blowing in steam and air together is known as 

SEMI-WATER GAS. 

B. Quantitative Experiments on the Composition 
OF THE Oxides of Carbon. 

Composition by volume.— It was noticed by Priestley and 
by Lavoisier that charcoal burnt in air or oxygen does not 
cause any change of volume, until the fixed air produced is 
absorbed by water, by lime-water, or by an alkali. Oxygen 
thus suffers no change of volume when it combines with 
carbon to form carbonic anhydride ; at the same time 
carbonic anhydride is shown to contain its own volume of 
oxygen, thus : 

carbon + oxygen — > carbonic anhydride 
I vol. I vol. 

The composition of carbonic oxide is less easily deter- 
mined, because it is necessary to use a pure gas for the 
analysis. Desormes and Clement found that 100 parts of 
the gas exploded with about 40 parts of oxygen, and gave 
about 80 parts of carbonic anhydride. Cruikshank 
obtained similar numbers for gas prepared by means of 
charcoal ; but gas prepared by means of iron gave 19/20 of 
its volume of carbonic anhydride when exploded with 
oxygen. Berihollet (quoted by Gay-Lus.sac, A.C.R. IV. 
15) found that 100 parts of the gas combined with 50 parts 
of oxygen to give 100 parts of carbonic anhydride. From 
Berthollet’s values it follows that carbonic oxide takes up 
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one half its volume of oxygen in forming carbonic anhydride, 
but does not suffer any change of volume in the process, 
thus : 


carbonic oxide + oxygen carbonic anhydride 

I wA i voL I voL 

Carbonic anhydride, on the other hand, parts with half its 
oxygen and doubles in volume when it combines with 
carbon to form carbonic oxide, thus : 

carbonic anhydride + carbon — y carbonic oxide. 

I VoL 2 VO Is. 

Dalton decomposes carbonic anhydride by sparking. — 

An independent proof of these relationships was obtained 
by John Dalton of Manchester (1766-1844), who found 
that carbonic anhydride (18 vols.) was decomposed by the 
electric spark into carbonic oxide (16 vols.) and oxygen (9 
vols.). The combustion of carbonic oxide is therefore a 
reversible process, as shown by the equation : 

Carbonic oxide + oxygen ^ carbonic anhydride 
I voL ^ voL I voL 

Dalton writes : 

“ Carbonic acid is decomposed by electricity into car- 
bonic oxide and oxygen. I assisted Dr. Henry in an 
experiment in which 52 measures of carbonic acid were 
made 59 measures by 750 shocks ; the gas after being 
washed became 25 measures, whence these had arisen from 
the decomposition of 18 measures of acid ^ ; these 25 
measures consisted of 16 carbonic oxide and 9 oxygen ; for, a 
portion being subjected to nitrous gas, manifested 1/3 of its 
bulk to be oxygen; and the rest was fired by an electric 

^ 59-25 — 34 measures of carbonic acid gas remained after sparking, 
out of the 52 measures originally taken. 
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spark, and a[)peared to be almost wholly converted into 
carbonic acid. {New Sysietn of Chemical Philosophy^ 1810, 
11. 382.) 

Berzelius and Dulong (1820) calculate the composition 
by weight of carbonic anhydride. — The earliest estimations 
of the proportion by weight of carbon and of oxygen in 
carbonic anhydride, were (like the early numbers for the 
composition of water) dependent on a knowledge of the 
densities of the gases concerned in the combustion. 

As the volume of carbonic anhydride produced was equal to 
the volume of oxygen used, the composition of the anhydride 
could be deduced directly from a knowledge of the densities 
of these two gases. 'Ehis method was employed by Berzelius 
and Dulong, working in Eerthollet’s laboratory at Arcueil 
{Ann, de Chimie, 1820, 15, 393), in deducing the value 
which was accepted as authoritative from 1820 to 1840. 
Taking the density of oxygen as 1*1026 times that of air, 
and that of carbonic anhydride as 1*524, it followed from 
the equality of the volumes of the two gases that 1*524 
parts by weight of carbonic anhydride were made up of 
1*1026 parts of oxygen and 1*524 - 1*1026 = 0*4214 part of 
carbon. The percentage composition of the anhydride was 
therefore : 

Oxygen = 72*35% 

Carhon - 27*65% 

Lavoisier’s combustion of charcoal. — Berzelius’s numbers 
were in close agreement with those which had been given 
nearly 40 years earlier by Lavoisier (“ Decomposition and 
Recomposition of Water,” 1783; WorkSj 11 . 345) as a 
result of a careful quantitative investigation of the reduction 
of red lead by charcoal. In this experiment the weight of 
oxygen was deduced from the loss in weight of the oxide ; 
the weight of fixed air or carbonic anhydride was calculated 
from its volume and density. Lavoisier found that : 

L 
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Grains.. 

Red lead 3 » 4 S 6 gave 

Charcoal 432 

Total 3,888 


The loss was due to the production of water, the com- 
position of which was reckoned to be : 

Grain.s. 

Oxygen ... 51*05 

Inflammable air 7*70 


Grains. 

Lead 3,108 

Unburnt charcoal .. 342 

Fixed air 379^ 


Loss ssl 


5875 

By subtracting the weight of hydrogen in the charcoal and 
the weight of oxygen used in burning it, these numbers give : 

Grains. 

Weight of carbon burnt 432 - 342 - 77 = 82*30 

Weight of oxygen used to burn carbon 3,456 - 3,108 - 51 *05 = 296*95 

Fixed air (carbonic anhydride) =379 25 

The composition of carbonic anhydride is, therefore : 
Oxygen = 72*12 5%, say 72 T% 

Carbon = 27*875%, „ 27 * 9 % 

The burning of spirit of wine, of olive oil, and of a 
candle. — Having established the composition of carbonic 
anhydride, Lavoisier made use of his numbers to determine 
the proportions of carbon and hydrogen contained in 
various liquid and solid fuels. (“ Combination of Oxygen 
with Spirit of Wine,” 1784; IVorks, II. 586-600.) 

The following numbers were obtained by burning a small 
spirit-lamp over mercury in a bell-jar filled with air ^ (Fig. 33) 
and supplied with oxygen from a second bell-jar inverted 
over water. 

^ An explosion was always produced when the attempt was made to 
burn the lamp in pure oxygen. 
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Grains. 

Spirit of Wine burnt ... 93‘5o 

Oxygen used 110*32 



The fixed air contained : 

Grains. 

Oxygen 68*60 

Carbon 26*68 


Grains. 

Fixed air produced, 1 37 *09 
cul)ic inches, weighing 95*28 
Water produced (by 
difference) 108*54^ 


203*82 

The water contained : 

Grains. 

Oxygen 92*26 

Hydrogen 16*28 


95*28 ioS;54 



Fig. 33. — Lavoi.sier’s Apparatus for the Combustion of Spirit of Wine. 

The oxygen in these compounds amounted to 160*86 grains, 
whereas only 110*32 grains had been supplied, the spirit of 
wine mu.st therefore have contained : 

^ This number agreed closely with the observation that 18 ounces of 
water could be condensed from the products of combustion of 16 ounces 
of spirit. 


L 2 
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Oxy^jen 50*54 grains 
Carbon 26*68 ,, =28*5% 

’Hydrogen 16*28 ,, =17*4% 

or, as Lavo'sier preferred to express it : 

Carbon 26*68 grains =:28*5% 

Hydrogen 7*36 ,, = 7*9% 

Water 5946 ,, =63*6% 

Similar combustions of olive oil and of candle-wax gave 

Oil. Wax. 

Carbon 79% 82*3% 

Hydrogen 21% 177% 

Both substances contain oxygen, but the quantity was not 
sufficient to be detected by Lavoisier’s method of analysis. 

Dumas and Stas (1841) on the composition of carbonic 
anhydride. — About the year 1840 it became evident that 
the numbers for the composition of carbonic anhydride, given 
twenty years previously by Berzelius and Dulong, must be 
erroneous, since careful analyses of compounds rich in 
carbon often gave totals exceeding 100%. Thus two 
typical HYDROCARBONS (/>. compounds of hydrogen and 
carbon) extracted from coal-tar gave the following figures 
(Stas’s Works, I. 270 and 275) *. 


Napljthalene. Benzene 

Hydrogen 6*24% 7*70% 

Carbon 95 * 40 % 93 * 53 % 

101*64 101*23 


In these substances the proportion ot hydrogen was so 
small that no large error could be produced by uncertainty 
as to the weight of water produced, or the weight of hydrogen 
which it contained. The excess above 100 per cent, could 
only be due to over-estimating the proportion of carbon in 
the carbonic anhydride formed on combustion. To test 

^ The numbers now accepted for pure alcohol are : Oxygen 34*8%, 
Carbon 52*2%, Hydrogen 13*0% ; Lavoisier’s spirit of wine evidently 
contained about half its weight of water. 
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this, Dumas and Stas 
carried out in 1841 an 
elaborate investigation of 
the weight of carbonic 
anhydride produced by the 
combustion of different 
forms of carbon {Ann. de 
C/iimie, 1841, 1 , 5 — in; 
Stas’s Works ^ I. 235 — 287). 

For their combustion 
they used (i) Natural 
graphite, freed from mineral 
matter by igniting with 
potash, extracting with 
acids, and finally heating 
to a white heat in a current 
of chlorine gas (Chap. XI) 
during twelve to fifteen 
hours. (2) A r t i fi cial 
graphite separated from 
cast iron and purified in 
the same way. (3) Dia- 
monds, of which 10 to 12 
grams were burnt ; these 
were used mainly because 
the purified graphite had 
become so porous that it 
was difficult to weigh it free 
from condensed air and 
moisture.^ 

^ The property, which char- 
coal possesses in a remarkable 
degree, of condensing gases in 
its pores, was discovered by 
Fontana in 1777 and has been 
used largely in recent work. 




ISO HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


The combustion was carried out in a current of oxygen, 
which was freed from carbonic anhydride by means of 
potash and dried by means of sulphuric acid. The carbon, 
contained in a platinum boat, was burnt in a porcelain tube 
heated strongly in a furnace (Fig. 34). The carbonic 
anhydride was absorbed by potash and weighed directly, 
with the help of absorption-apparatus devised by Liebig. 
A small tube containing sulphuric acid was provided to 
collect any water that might be produced, but in none of the 
experiments was any gain in weight observed. The numbers 
obtained were as follows ( Works^ I. p. 252) : 


Carbon. 
1 -OCXD 

Natural 0*998 
Graphite 0*994 
I *216 
1*471 

0*992 

Artificial 0*998 
Grapliite 1*660 

I ‘465 

0*708 

0*864 

Diamond 1*219 
I *232 
1*375 


Carbonic Anhydride. 

3 ' 67 i 

3- 660 

3 '645 

4- 461 

5- 395 

3-642 
3*662 
6*085 
5 365 

2- 598 

3- 1675 

4- 465 

4- 517 

5- 041 


Percentage of Carbon. 
27*24 
27*27 
27*27 
27*26 
27*27 

27*24 

27*26 

27*28 

27 ' 3 i 

27*25 

27*27 

27*30 

27*26 

27*28 


Mean 27*27 


The composition of carbonic anhydride was therefore .* 

Oxygen = 72 * 73 % 

Carbon 


The reduction in the percentage of carbon from 27*67 to 
27*27 provided the correction that was needed in the 
analysis of the hydrocarbons, which now gave : 


Naphthalene 


H 

6*24 

C 

94 *02 Total 

100*26 

H 

6*30 

C 

93-80 

100*10 

H 

6*29 

c 

93-86 

100*15 

H 

6*31 

c 

93-84 

100*15 

H 

77 

c 

92-2 „ 

99*9 


Benzene 
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Stas’s analysis of carbonic oxide (1849).— Eight years 
later, in 1849, Stas {Works, 1 . 287-308), carried out a 
masterly analysis of carbonic oxide, in which 128*367 
grams of oxygen were used in eight experiments to burn 
224*683 grams of the gas to 353*050 grams of carbonic 
anhydride. The experimental methods were very similar 
to those used by Dumas to determine the composition of 
water. Thus, instead of using free oxygen to burn the gas, 
the oxygen was supplied by copper oxide which was reduced 
to copper by heating it in a current of carbonic oxide, d’he 
gas was not weighed directly ; its weight was calculated from 
the difference between the weight of oxygen used and the 
weight of carbonic anhydride produced. The carbonic 
anhydride was absorbed and weighed in combination with 
potash. 

The chief difficulty of the experiment was to provide a 
supply of carbonic oxide free from carbonic anhydride, 
oxygen, water, hydrogen and other inflammable gases. The 
gas was prepared by heating oxalic acid with oil of vitriol : 
the product, a mixture of carbonic oxide and carbonic 
anhydride, was passed through potash into a reservoir 
holding eighty to ninety litres (Fig. 35). From this 
reservoir the gas was displaced, not by water, but by an 
alkaline solution capable of absorbing both oxygen and 
carbonic anhydride.^ The chief means of removing oxygen, 
consisted, however, in passing the carbonic oxide through a 
heated tube containing copper, in which the free oxygen 
would have every opportunity of being converted into 
carbonic anhydride. Both before and after passing through 
this tube the gas was freed from carbonic anhydride and 
from water by contact with potash and sulphuric acid. The 
gas prepared in this way contained a little nitrogen but was 
practically free from all other impurities. 

* A 5% solution of stannous oxide in potash, made with boiled 
water, was used. 




1 pumice to exclude moisture from air. 

The glass tube K is shown on a larger scale as an inset. 
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In these experiments, as in those of Dumas and of Dumas 
and Stas, the purifying agents were distributed over pumice 
stone, or broken glass, or were used in a granular form in 
order to secure ample contact with the gas. The air in the 
[iLimice stone was removed by repeatedly exhausting the 
apparatus and filling it again with pure carbonic oxide. 

The copper oxide, prepared by calcination, was contained 
in a glass tube drawn out at each end. Taps were pro- 
vided so that the tube could be exhausted before weighing. 
During the reduction the tube was heated quite gently over 
charcoal. In a series of blank experiments the tube was 
found to vary in weight by only a milligram on a total of 
540 grams when heated, provided that some hours were 
allowed to elapse before re- weighing. 

The gas escaping from the copper oxide tube was passed 
through sulphuric acid to absorb any water that might be 
formed ; the quantity collected was usuall) about ten milli- 
grams, It then passed into a bulb containing potash, 
where most of the carbonic anhydride wos absorbed. A set 
of Liebig bulbs filled with potash and three U~tubes, the 
last filled with solid potash,^ were used to absorb the 
remainder of the gas. The weight of carbonic anhydride 
was corrected for the buoyancy of the air displaced by the 
increased bulk of the potash after absorbing the gas. 

The composition of carbonic oxide was shown by these 
experiments to be ; 

Oxygen 57 ' 16 % 

Carboti 42 ’ 84 % 

C. Marsh Gas and Olefiant Gas. 

The burning of inflammable gases. — The existence of 
inflammable gases other than those prepared by the action 
of metals on the acids had been known from very early 

‘ The solid potash served to prevent the loss of moisture from the 
absorbing apparatus. 
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times and was clearly recognised in van Helmont’s work 
on “gas pingue.” But no definite chemical investigation 
of these gases was made until the composition of water was 
determined in 1781. It was then proved clearly by the 
work of Cavendish, of Lavoisier, and of Monge that the gas 
from metals and acids gave rise to water as the only product 
of combustion^ and in particular that no fixed air was pro- 
duced Every other inflammable gas that was examined 
differed from hydrogen in giving rise to larger or smaller 
(juantities of fixed air. Water was also produced in nearly 
every case, but Cruikshank in 1801, and Disomies and 
Clement in the same year, succeeded in preparing carbonic 
oxide so far free from hydrogen that no water was produced 
when it was burned. 

Apart from hydrogen and carbonic oxide, every inflam- 
mable gas gave both water and fixed air, and was therefore 
composed of carbon and hydrogen, with or without oxygen. 
Gases of this kind ^vere prepared by heating wood, charcoal, 
and oil, by passing .;pirit of wine through a red hot tube, and 
so forth. They we e examined by Cruikshank, by Berthollet, 
and by a number of other workers, who determined their 
relative densities, and their behaviour when exploded with 
oxygen in Volta’s eudiometer, as regards (i) the volume of 
oxygen used, (2) the contraction after explosion, and (3) the 
volume of carbonic anhydride produced. But as all the 
gases examined were mixtures, no concordant results could 
be obtained. 

Olefiant gas or heavy carburetted hydrogen. — The first 
gaseous compound of carbon and hydrogen to be prepared 
and examined in a pure state was olefiant gas. This gas 
was investigated in 1794 by a group of Dutch chemists 
(“ Researches on the different kinds of gas which are 
obtained by mixing concentrated sulphuric acid with 
alcohol,” by J. R. Deiman, A. Paets van Troostwyck, 
N. Bondt and A. Lauwerenburgh, Jour, de Physique.^ i794> 
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46 , 178-191). They proved that it was a hydrocarbon, 
i.e,^ a compound of carbon and hydrogen only. They 
distinguished it as ‘‘oily carburetted hydrogen,^’ now 
OLEFIANT GAS, from the property which it possessed of 
combining with chlorine gas (Chapter XI) to form atl oil 
known as dutch liquid. The gas is now called ethylene, 
and the liquid ethylene chloride. 

The gas was also investigated by Dalton, who describes 
it as follows : 

“ Olefiant gas may be produced by mixing 2 measures 
of sulphuric acid with i measure of alcohol ; this mixture 
in a gas bottle must be heated to about 300° [Fahrenheit] by 
a lamp, when the liquid exhibits the appearance of ebullition, 
and the gas comes over : it should be passed through water, 
to absorb any sulphurous acid which may be generated.’' 

“ This gas is unfit for respiration, and extinguishes flame, 
but it is highly combustible. . . . Olefiant gas burns with a 
dense, white flame. It explodes with uncommon violence 
when mixed with oxygen and electrified. . . . : unless a great 
excess of oxygen be used, the charcoal is partly thrown down, 
and it makes the gas turbid after explosion ; the result 
in this case affords less carbonic acid than is due " {New 
System, 1810, II. 438 and 440). 

Composition of olefiant gas.— Dalton investigated the 
volumetric relationships of the gas. He show^ed that it 
combined with its owm volume of chlorine {loc. cit., p. 439). 
When exploded with an excess of oxygen, some carbon 
remained unburnt, but a large contraction occurred, the 
proportional volumes being {lor. cit,, p. 440) : 

olefiant gas + oxygen carbonic anhydride -f water ; 

100 vols. 270 to 300 vo/s 185 or 190 vo/s, 
or roughly 

I vo/. <^3 7 Jo/s. <2 7 >o/s. 

When mixed with only its own volume of oxygen and 
exploded, an expansion was produced instead of a contrac- 
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tion {/oc. cit.^ p. 442), the carbon being burnt to carbonic 
oxide, and the hydrogen liberated, thus : 

olefiant gas + oxygen — y carbonic oxide + hydrogen 
I voL I vol. <^2 voh. <C 2 VO Is. 

When sparked alone the gas was decomposed into carbon 
and twice its volume of hydrogen, thus : 

olefiant gas — >- carbon + hydrogen 
I vol. 2 vols. 

Olefiant gas was thus shown to contain twice its volume of 
hydrogen, and enough carbon to give twice its volume of 
carbonic oxide, or of carbonic anhydride. 

Marsh gas or light carburetted hydrogen.— The forma- 
tion of an inflammable gas during the decay of vegetable and 
animal matter was known from classical times, and was 
noted by van Helmont, who described all such gases as 
“gas pingue.'' 

The first accurate work on the subject was that of 
Volta who showed in 1776 {Letters on the Inflammable Air 
of Marshes)^ that whilst the gas from metals and acids 
required for its combustion twice its volume of air, the 
MARSH GAS collected from putrid marshes required from ten 
to twelve volume . The gas was also examined about the 
same time by Priestley in England and by Franklin in 
America. It was investigated very carefully in 1804, by 
Dalton, who gave to it the name carburetted hydrogen. 
Dalton describes its preparation and properties as follows : 

“ It was in the summer of 1804, that I collected at various 
times, and in various places, the inflammable gas from ponds ; 
this gas I found always contained some traces of carbonic 
acid and a portion of azote ; but when cleared of these, it 
was of a uniform constitution. After due examination, I was 
convinced that just one half of the oxygen expended in its 
combustion, in Volta’s eudiometer, was applied to the 
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hydrogen, and the other half to the charcoal. This leading 
fact afforded a clue to its constitution.” 

The properties of carburetted hydrogen are : 

‘‘ It is unfit for respiration and for the support of combus- 
tion. 

“ Its specific gravity when pure, from my experience, is 
very near o'6. 

“ Water absorbs of its bulk of this gas.” {New System, 
1810, II. 445-446.) 

Olefiant gas, by contrast, had a specific gravity 0*9 relatively 
to air, and was absorbed by water to the extent of | of its 
bulk. 

Composition of marsh gas. — Dalton showed that of the 
two volumes of oxygen required for the complete combustion 
of marsh gas, one was required to burn the carbon, giving 
rise to an equal volume of carbonic anhydride, whilst the 
other was used for the combustion of the hydrogen. Marsh 
gas, therefore, contained, like olefiant gas, twice its volume 
of hydrogen ; but the carbon was only sufficient to produce 
an equal volume (instead of two volumes) of carbonic 
anhydride or of carbonic oxide. This view of the composi- 
tion of the gas was confirmed by sparking it, when the 
carbon was deposited and two volumes of hydrogen were 
set free. Dalton writes : 

“ If 100 measures of carburetted hydrogen be put to up- 
wards of 200 of oxygen, and fired over mercury, the result 
will be a diminution of near 200 measures, and the residuary 
100 measures will be found to be carbonic acid.” 

“ When a portion of carburetted hydrogen gas is electri- 
fied for some time, it increases in volume, in the end almost 
exactly doubling itself ; at the same time a quantity of 
charcoal is deposited. The whole of the gas is then found 
to be pure hydrogen ” {ibid. p. 447), 

When exploded with an equal volume ot oxygen the carbon 
was burnt to carbonic oxide and half the hydrogen was 
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burnt to water, leaving a gaseous residue consisting of 
hydrogen and carbonic oxide in equal proportions. 

The contrast between marsh gas and olefiant gas is shown 
by the equations : 

"marsh gas (sparked) — > carbon + liydrogen 
I 7 )oL 2 vo/s. 

olefiant gas (sparked) — y carbon + hydrogen 
I vo/. 2 vo/s. 

/ marsh gas -f oxygen — carbonic anhydride 4- water 

I I vo/. 2 vo/s. 1 vo/. 

1 olefiant gas + oxygen — carbonic anhydride + water 

\ I vo/. 3 vo/s. 2 vo/s. 

Coal gas. — "J'he inflammable coal gas obtained by distil- 
ling coal consists largely of marsh gas. Dalton, in describing 
the properties of marsh gas, writes : 

“ This gas is obtained nearly pure also^by distilling pit-coal 
with a moderate red heat. It is now largely used as a 
substitute for lamps and candles, under the name of coa/ gas. 
According to Dr. Henry’s analysis, coal gas does not usually 
contain more than 4 or 5 per cent, of carbonic acid, sulphur- 
etted hydrogen, and olefiant gas. The rest is principally 
carburetted hydrogen, but mixed with some atoms of 
carbonic oxide and hydrogen. "The last portion of gas 
driven off from p't-coal, seems to be entirely carbonic oxide 
and hydrogen. The distillation of wood and of moist char- 
coal, and many other vegetable substances, produces 
carburetted hydrogen, but highly charged with carbonic acid, 
carbonic oxide and hydrogen ; the two last gases always 
appear exclusively at the end of the process {ibid. pp. 445 - 
446). 


Summary and Supplement. 

A. Carbonic Oxide. 

Lassone, in 1776, prepared an inflammable oxide of carbon 
by heating Prussian blue, and by heating zinc oxide with 
charcoal, 

ZnO -f C Zn + CO. 
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It differed from hydrogen in thaUdt burned with a beautiful 
blue flame, and could not be detonateti^when mixed with air or 
oxygen. The same gas was prepared bJt^Priestley in 1783 by 
heating smithy scale with charcoal 

Fe 304 + 4 ^ 3^^ "h 4^^' 

Cruikshank, in 1801, prepared the gas, free from hydrogen, 
)>y heating carbonated baryta (barium carbonate), or chalk 
(calcium carbonate), with iron plates, 

4BaC03 4- 3Fe-> 4BaO + 4CO 4- Fe304, 

4CaC03 4" 3^^ 4^^^ "h 4GO 4~ Fe304. 

He showed that when exploded with oxygen in Volta’s eudio- 
meter it combined with half its volume of oxygen and gave an 
equal volume of carbonic anhydride ; he therefore regarded it 
as a lower oxide of carbon and called it “gaseous oxide of 
carbon,” now carbonic oxide, 

2CO + ^ 2CO2 

Carbonic oxide Oxygen Carbonic anhydride. 

I voL I vol. I voL 

D4sorines and Clement, in 1801, proved by similar experi- 
ments that Lassone’s inflammable gas was an oxide of carl)on 
which gave an equal volume of carbonic anhydride but no water 
when burnt. Fhey prepared it by the action of charcoal on 
carbonated baryta, 

BaCO^ 4- C-^ BaO + 2CO, 

a refractory carbonate which could not be decomposed by heat 
alon^. They could not prepare it by direct combustion of char- 
coal in air or oxygen, but found that fixed air could be reduced 
to carbonic oxide bv red-hot charcoal, 

CO. 4- C 2CO. 

They also prepared a mixture of carbonic oxide and hydrogen 
by the action of red-hot charcoal on steam, 

H 3 O 4- C 4 CO. 
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B. Composition of the Two Oxides of Carbon. 

Priestley (1772), anri Lavoisier (1772), showed that carbon 
burns in air or oxygen without altering the volume of the 
gas, 

C + O2 CO2 

I voL I vol. 


This fact vvas used by Berzelius and Dulong (1820) to 
determir^e the composition of carbonic anhydride by comparing 
its density with that of oxygen. The percentage of carbon 
(27‘65%) agreed with an early determination by Lavoisier (27‘9%'), 
buv was reduced to 27 * 27 % by the classical experiments of 
Dumas and Stas (1841), the details of which should be noted 
carefully. Cruikshank (1801), D^sormes and Clement, and 
Berthollet measured the changes of volumes produced byexplod- 
ing carbonic oxide with oxygen ; they found that J vol. of 
oxygen was used and gave i vol. of carbonic anhydride. 

CO -f CO,> 

I vol. i vol. i vol. 

Since carbonic anhydride contains an equal volume of oxygen 
carbonic oxide contains half this volume ; the volume of gas is 
therefore doubled when carbonic anhydride is reduced by carbon 
to carbonic oxide, 

CO2 + C 2CO 

I vol. 2 vols. 

Stas, in 1849, -letei mined the gravimetric composition of 
carbonic oxide by passing the gas over weighed copper oxide 
and weighing the carbonic anhydride produced, 

CO -f CuO Cu + CO2 

fhe precautions taken to prepare a pure gas should be notea. 
The proportion of carbon was found to be 57 * 16 %. 


C. Marsh Gas and Olefiant Gas. 

Marsh gas (methane, CH4) was discovered by Volta in 

1776. 

Olefiant gas (ethylene, C2H4) was prepared during the alche- 
mistic period by the action of oil of vitriol on alcohol. 
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C,H,() - H^O C,H4 

alcohol - water — > ethylene 

It was shown to be a hydrocarbon by a group of Dutch chemists 
who called it “oily carburetted hydrogen” (olefiant gas), from the 
property which it possesses of combining with chlorine to form 
an oily liquid, 

C.H4 + CI2 C2H4CI2 

ethylene + chlorine ethylene chloride 

The volumetric relationships of these two gases were studied 
by Dalton. They are as follows : 

By sparking^ carbon deposited, hydrogen (2 vols.) set free. 

CH4 C + 2H2 
I voL 2 vols. 

2C + 2H2 

1 2fO/. 2 VO/s. 

By explosion with excess of oxygen 

CH4 4- 2O2 CO2 + 2H2O 

marsh gas -f- oxygen carbonic anhydride + water 
r 7 /oL 2 vols. I 7 foL Co 7 iir<iction 2 vols. 

C2H4 + 3O2 ^ 2CO2 + 2H2O 

ethylene + oxygen — > carbonic anhydride + water 
1 vol. 3 77 ols. 2 vols. Contrac/iopi 2 vols. 

When exploded with less oxygeti 

CH4 + O2 CO + Hg -f HgO 

marsn gas 4- oxygen carbonic oxide 4- hydrogen 4* water 
I vol. I vol. I vol. I vol. 

C2H4 4- O2 2CO 4- 2H2 

olefiant 4- oxygen carbonic 4- hydrogen 

gas oxide 

1 vol. I vol. 2 vols. 2 vols. 

Expansion 2 vols. 





CHAPTER IX 


SULPHUR AND PHOSPHORUS 

A. Sulphur, Sulphuric Acid, and the Sulphates. 

Native sulphur. — The inflammable mineral known as 
sulphur, or brimstone (Fig. 36), has been a familiar substance 
from very early times. Its occurrence in the neighbourhood 
of volcanoes, and the pungent smell which is produced when 
it is burnt, caused it to be regarded during many centuries as 
a symbol of the powers of evil. In alchemistic times it 
acquired a new significance as one of three principles, 
mercury^ sulphur^ and salt^ which took the place of the 
four elements, earthy air^ fire^ and water^ of the classical 
writers. As representing the principle of inflammability, 
sulphur was supposed to be present in all combustible sub- 
stances, just as mercury was supposed to be present in all 
metals ; much of the early work of Robert Boyle was de- 
voted to proving the falseness of this assumption. 

Sulphur from pyrites. — Sulphur is present in combination 
with iron in the mineral pyrites or marcasite (Figs. 6, 7, 8, 
pp. 8 — 9), and can be separated from it in part by 
the action of heat. This method was used in the 
middle ages for the artificial preparation of sulphur; 
thus Mayow states that “Vitriols are produced from the 
stone . . . called Marchasite, and from it on the application 
of fire the flowers of common sulphur are elicited in con- 
siderable abundance^' (A.C.R, XVIL 28). The presence 

162 
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of sulphur in the mineral is also shown by the pungent 
odour of burning sulphur which is produced when pyrites 
is burnt in a current of air ; at the same time the brilliant 
metallic nodules of the mineral are converted into a red 
rust-like ash or calx. 

Sulphur present in oil of vitriol.-— The presence of 
sulphur in oil of vitriol was also recognised at an early 
date. Basil Valentine described a method of preparing the 



Fk;. 36— Rhombic Crystals of Sulphur. British Museum (Natural History;. 


acid from sulphur with the aid of saltpetre. Conversely, 
Glauber was able to prepare flowers of sulphur from the 
acid by heating its salts with coal, extracting with water, and 
acidifying the solution. On account of this relationship the 
French chemists in 1787 gave to oil of vitriol the name 
SULPHURIC ACID, whilst its salts were described as 
SULPHATES. 

Stahl (1702) prepares a volatile acid from burning 
sulphur. — The product formed by burning sulphur in air 
is a pungent gas, which dissolves readily in water to a feebly 

¥ 2 
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acid solution and combines with alkalis to form salts. 
Stahl (1702) describes the process of collecting the acid 
fumes with the help of linen or tow drenched in alkali ; he 
states that the acid vapour is set free again by the action of 
oil of vitriol, and that it is the weakest of the mineral acids, 
though stronger than vinegar. In many respects the “ sulphur- 
ous acid ’’ from burning sulphur resembles the “ carbonic 
acid from burning charcoal ; but it differs in its obvious 
acidity, in the greater solubility of the gas in water, and in 
its power of bleaching coloured substances, such as red 
rose leaves. 

Stahl showed that the salts of the volatile ’’ sulphurous 
acid, prepared fiom burning sulphur, could be converted into 
salts of the “ fixed'’ oil of vitriol by exposing them to the 
air. A similar experiment is described by Cavendish (A.C.R- 
III. 9-1 1), who collected the fumes of burning sulphur 
in milk of lime, obtaining a soluble salt which was converted 
by exposure to the air into selenite or gypsum, the ordinary 
sulphate of lime. In order to distinguish it from sulphuric 
acid, the French chemists described Stahl’s volatile acid as 
SULPHUROUS ACID, and its salts as sulphites. The name 
sulphurous acid is, however, now restricted to aqueous 
solutions of the gas, the pungent gas itself being dis- 
tinguished as sulphurous anhydride. 

Priestley (1774) prepares a soluble gas from oil of 
vitriol. — On account of its great solubility, the gas produced 
by burning sulphur in air cannot be collected over water. 
It was therefore not isolated until Priestley had developed 
Cavendish’s method of using mercury to confine those gases 
which were too soluble to be stored over water. 

Priestley prepared the gas in 1774 by heating oil of vitriol 
with olive oil, and called it vitriolic acid air. He also 
attempted, but without success, to separate it from oil of 
vitriol by heat alone. In the course of this experiment 
some mercury was drawn back into the hot acid, 
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thereby disclosing an excellent method of separating the 
gas. 

Priestley describes his observations as follows : 

“ When ... I got glass phials with ground stopples, 
perforated, and drawm out into tubes, such as are represented 
[in Fig 37 ], 1 found that heating the oil of vitriol in them 
produced no air whatever.^' 

“ But though I got no air from the oil of vitriol by this 
process, air was produced at the same time in a manner 
that 1 little expected, and I paid pretty dearly for the 
discovery it occasioned. Despairing to get any air from 
the longer application of my candles, I withdrew them ; 
but before I could disengage the phial from the vessel of 

quicksilver, a little of it 
passed through the tube 
into the hot acid ; when, 
instantly, it was all filled 
with dense white fumes, a 
prodigious quantity of air 
was generated, the tube 
through which it was 
transmitted w^as broken into 
many pieces (I suppose by 
the heat that was suddenly produced) and part of the hot 
acid being spilled upon my hand, burned it teriibly, so that 
the effect of it is visible to this day.” 

Not discouraged by the disagreeable accident above- 
mentioned, the next day I put a little quicksilver into the 
phial with the ground stopple and tube, along with the oil 
of vitriol ; when, long before it was boiling hot, air issued 
plentifully from it ; and being received in a vessel of quick- 
silver, appeared to be genuine vitriolic air, exactly like that 
which I had procured before ; being readily imbibed by 
water, and extinguishing a candle in the same manner as 
the other had done.” 

“ Copper, treated in the same manner, yielded air very 
freely, with about the same degree of heat that quicksilver 
had required, and the air continued to be generated with 
very little application of more heat. The whole produce 



Acid Air” (Sulphur Dioxide). 
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was vitriolic acid air, and no part of it inflammable 
{Experiments on Air, II. 16-20). 

On account of its methods of preparation, Priestley con- 
cluded that the volatile sulphurous acid was a^phlogisticated,^^ 
or reduced, oil of vitriol. 

Priestley describes the properties of vitriolic acid 
air. — Priestley found that ‘‘ vitriolic acid air,^^ prepared by 
the action of heat on a mixture of mercury and oil of vitriol, 
resembled closely the “ marine acid air ” which he had 
prepared from muriatic acid by the action of heat alone. 
Both gases were intensely soluble in water,^ and each con- 
densed to a white salt when mixed with the “alkaline air 
ammonia. The solution of “ vitriolic acid air in water was, 
however, only weakly acid and the gas could be expelled by 
gentle heat, or merely by exposure to the air ; in these 
respects the properties of the solution were in marked con- 
trast with those of muriatic acid and of oil of vitriol. 
Priestley calls attention to this contrast as follows : 

‘‘ Water being admitted to the vitriolic acid air absorbed 
it about as readily as the marine acid air ; and by its union 
with it must have formed the volatile or sulphureous acid of 
vitriol” {idid, p. 7). 

“Water impregnated with marine acid air is, in all 
respects, the very same thing with the common spirit of 
salt, except that this acid may be made considerably 
stronger in this manner than any spirit of salt made in 
the common way, and that it has generally less colour. 
But water impregnated with vitriolic acid air differs 
most remarkably from oil of vitriol. Its acidity is now 
become trifling to what it was ; and from being the most 
fixed, and the strongest, it is now become the weakest, and 
the most volatile of all acids ; the smell of it being intolerably 
pungent, and almost the whole of it evaporating when it is 
exposed to the open air” {Experiments on Air, 1777, 
III. 272). 

^ “ Water absorbs about 20 limes its bulk of this gas at a mean tem- 
perature, according to my experience” (Dalton, Now System, 11 . 389). 
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The marked difference between vitriolic acid air and oil 
of vitriol was attributed by Priestley to the fact that the oil of 
vitriol had “combined with phlogiston.” Lavoisier, how- 
ever, showed that the change was due to removal of oxygen 
from the oil of vitriol. 

Priestley converts “vitriolic acid air” into oil of 
vitriol. — Having prepared solutions of “ vitriolic acid air,” 
Priestley showed that they resembled oil of vitriol in their 
power of dissolving metallic zinc (ibid. p. 274). He also 
found that the volatile or “ phlogisticated ” acid could be 
reconverted into ordinary oil of vitriol by exposure to air, 
the acid being held in solution during the experiment by 
combination with alumina. 

“ The volatile vitriolic acid, though produced from the fixed 
vitriolic acid, is very considerably different from it, especially 
as it may be dislodged from its basis by the vitriolic acid, 
just as other weaker acids are dislodged by those that are 
thence called the stronger. But that volatile vitriolic acid is 
capable, however, of being brought back to the state of the 
common vitriolic acid, and becoming the same thing that it 
originally was, several experiments shew. At the time of 
my last publication I had found that it was capable of dis- 
solving iron and zinc, and of producing inflammable air, 
which is the property of oil of vitriol : but I had a more 
decisive proof of the same thing when, to water saturated 
with vitriolic acid air, I had, for another purpose, put 
some earth of alum till it was saturated. For, after six 
months, in which this solution had been exposed 
in an open phial, and one third of it was evaporated, 
I observed many transparent crystals formed at the 
bottom of the phial, as well as an incrustation on the sides 
of the phial above the surface of the liquor. These crystals 
were all triangular, of a considerable thickness, connected 
with each other, and when examined appeared to be alum., 
which is known to be the saline substance formed by the 
same earth, and the proper vitriolic acid ” {Experiments 
and Observations., i779i IV. 122-123). 
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He also showed that sulphur could be prepared by heat- 
ing the solution in a sealed tube during a period of several 
months (ibid, 1 24-1 29). 

Composition of sulphurous anhydride. — It was observed 
by Priestley in 1772 (Experiments on Air, L 46) and con- 
firmed by Dalton (Are7v System^ II. 391-392) that when 
sulphur is burnt in air over mercury no material change of 
bulk is effected in the gas by the combustion ; and this is 
also remarked in the analogous combustion of charcoal.” 
The pungent gas, which is now described as sulphurous 
ANHYDRIDE, thus resembles carbonic anhydride, in that it 
contains its own volume of oxygen. 

From this observation Dalton was able to calculate 
the composition of the gas by weight. He had found 
its density relatively to air to be 2*3, that of oxygen 
being I’l. The gas was therefore twice as heavy as oxygen 
and contained approximately equal weights of the two 
constituents. 

The fact that sulphur gained in weight when burnt was 
announced to the French Academy by Lavoisier in 1772 
(Works^ II. 103) as the first of his great discoveries in 
reference to combustion. 

Lavoisier’s ''xperiments on the composition of sulphuric 
acid. — Lavoisier recognised that sulphuric acid must be 
regarded as a compound of sulphurous anhydride with 
oxygen and with water. He attempted in 1777 (Works,, 
11. 194) to determine the proportions of the two gases by 
acting on the acid with mercury, and collecting the gas 
liberated (i) during this action and (2) during the decom- 
position of the sulphate of mercury into sulphurous an- 
hydride, oxygen, and mercury. The experiment was not 
successful because a part of the sulphate of mercury 
sublimed without decomposition, but it gave clear qualitative 
proof that ‘‘ volatile sulphurous acid is a vitriolic acid par- 
tially deprived of oxygen.” 
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Dalton {AFew System, II, 389-390) also attempted to 
determine the proportions in which the two gases combine, 
by uniting them over mercury in presence of water or with 
the help of electric sparks. In the former case the action 
was incomplete at the end of twelve days ; in the latter 
case he found that “ the mercury becomes oxidised, and 
consequently liable to form a union with either of the 
acids.” 

Gay-Lussac’s analysis of sulphuric acid (1807). — 

A successful analysis of sulphuric acid was made by 
Gay-Lussac in 1807 in the course of an investigation on 
the “Decomposition of the Sulphates by Heat” {Mem, 
Soc, (TArciteil, I. 215 -251). He found that many of the 
sulphates could be decomposed ; some were decomposed 
easily, giving as products the oxide of the metal and white 
fumes of SULPHURIC anhydride; others, requiring a higher 
temperature for decomposition, gave off a gaseous mixture 
of sulphurous anhydride and oxygen, leaving behind as 
before a residue of oxide or earth. The quantitative 
analysis of sulphuric anhydride was effected by decomposing 
alum, the gases from the decomposition being collected 
over mercury and analysed by absorption with potash. 

Gay-Lussac writes : 

“ The first sulphate that I heated was sulphate of copper. 
It first liberated water ; but as soon as the retort was red-hot, 
white Vvipours of sulphuric acid^ were produced, which were 
accompanied by a nebulous gas, smelling strongly of 
sulphurous acid, and in which after being washed a match 
inflamed several times. This gas was then a mixture of 
sulphurous acid ^ gas and oxygen . . . The two gases were in 
volume almost in the ratio 2 to i ; but I will return later to 
the exact determination of this ratio, and the way in which 
the sulphuric acid decomposes” (pp. 217 — 218). 

“ Sulphate of iron undergoes the same decomposition by 

^ In this passage the names “sulphurous acid” and “sulphuric add” 
are used to describe the anhydrides. 
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heat as sulphate of copper. The results are only modified 
by this circumstance, that since the metal may take up a 
higher degree of oxidation, there is liberated relatively more 
sulphurous acid^ than oxygen'' (p. 219). 

“ I took advantage of this decomposition of the sulphates 
to determine the quantity of oxygen which must be added to 
sulphurous acid to convert it into sulphuric acid. For this 
purpose, I distilled over mercury some burnt alum, the base 
of which neither produces nor absorbs any gaseous principle. 
I collected gas at different stages of the distillation ; and 
after taking a carefully measured volume, I washed it with 
caustic potash and measured the residues. I thus found 
that 100 parts 

Of the 1st portion contained 3 2 ’33 of oxygen. 

,, 2nd ,, „ 33*23 

,, 3rd „ „ 32*53 

n 4 th ,, ,, 32*64 

Mean . . 32*68 


Since the proportion of the two gases was the same through- 
out the whole course of the operation, one must conclude 
that the decomposition of .sulphuric acid by heat always 
takes place in the same way, and that sulphurous acid 
absorbs almost 0*5 of oxygen in passing to the state of 
sulphuric acid” (pp. 236 — 237). 

It was thus shown that sulphuric anhydride consists of 
sulphurous anhydride combined with one half its volume of 
oxygen. Since sulphurous anhydride contained its own 
volume of oxygen, the proportion of oxygen in sulphuric 
anhydride was greater in the ratio 3:2. 

B. Sulphuretted Hydrogen and the Sulphides. 

Liver of sulphur. — Amongst the earliest discoveries of the 
alchemistic period w'as the fact that alkalis possessed solvent 
properties comparable with those of the acids. Thus Geber 

^ In this passage the names ‘‘sulphurous acid” and “sulphuric acid ” 
are used to describe the anhydrides. 
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describes how sulphur may be dissolved in potash made 
caustic with lime, and states that the clear solution becomes 
milky on the addition of vinegar, yielding a sediment of 
finely divided sulphur. Glauber, too, records the fact that 
flint and rock-crystal, which are insoluble in acids, may be 
dissolved by means of alkalis and precipitated again by 
adding an acid. 

The solutions of sulphur in alkalis were described as 
LIVER OF SULPHUR and were used extensively in medicine 
and in the preparation of pure milk of sulphur, made 
by dissolving the sulphur in an alkali and then precipitating 
it again with acid. 

Sulphuretted hydrogen. — When liver of sulphur is acted 
on by acids, only a portion of the sulphur can be recovered ; 
a considerable part is lost in the form of a ‘‘ foetid gas 
having the odour of bad eggs ( Hoffmann, 1772). This gas 
possesses the property of blackening silver vessels (Boyle, 
1663), is inflammable (Meyer, 1764), dissolves readily in 
water,^ and is present in natural sulphur- waters, from which, 
on exposure to the air, sulphur is deposited. On account of 
its method of preparation from liver of sulphur it was 
generally described as hepatic gas. Scheele (on 
“ Stinking sulphureous Air,” JZssays (m Air and Fire, 
pp. 186-193) showed that it could be prepared from 
sulphur by heating it in hydrogen, and that the sulphur 
could be recovered from it by the action of oxidising 
agents (nitric acid and chlorine) ; he therefore regarded 
it as produced by the union of sulphur with phlogiston. 
This view was modified by I^voisier and his colleagues, 
who regarded it as a compound of sulphur and hydrogen, 
and gave to it the name of sulphuretted hydrogen. 

Composition of sulphuretted hydrogen. — When sparked, 
sulphuretted hydrogen is decomposed, sulphur being de- 

^ “ Water absorbs just its bulk of this gas ; when, therefore, it is mixed 
with hydrogen, this last will l:)e left after washing in water, or what is 
still better, in lime-water ’’ (Dalton, New System, H. 452). 
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posited and hydrogen liberated, without any change of 
volume. Dalton writes : 

“From the experiments of Austin, Henry, etc., it has 
been established, that sulphuretted hydrogen undergoes no 
change of volume by electrification, but deposits sulphur. 
I have repeated these experiments, and have not been able 
to ascertain whether there was increase or diminution. The 
residue of gas is pure hydrogen ’’ {New System^ II. 452). 

The gas therefore contains its own bulk of hydrogen. 
The proportion of sulphur as well as of hydrogen can be 
deduced from its behaviour when exploded. 

“ When mixed with oxygen, in the ratio of 100 measures 
to 50 of oxygen (which is the least effective quantity), it 
explodes by an electric spark ; water is produced, sulphur 
is deposited, and the gases disappear. If 150 or more 
measures of oxygen are used, then after the explosion over 
mercury, about 87 measures of sulphurous acid are found 
in the tube, and 150 of oxygen disappear, or enter into 
combination with both the elements of the gas ” {New 
System, II. 452). 

In the first case the hydrogen present in the gas is found 
to require (like pure hydrogen) half its volume of oxygen for 
combustion ; in the second case an additional volume of 
oxygen is required to burn the sulphur, and rather less 
than an equal volume of sulphurous anhydride is pro- 
duced. The quantity of sulphur in the gas is therefore 
about the same as in an equal volume of sulphurous 
anhydride. 

Metallic sulphides. — The fact that sulphur combines with 
the metals was known from the earliest period of alchemy. 
The compounds which result are similar in many respects 
to the oxides ; they were described by Lavoisier and 
his colleagues as sulphurets, but this name has now 
been abandoned in favour of the name sulphides. 
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Compounds of this type are of frequent occurrence 
amongst minerals, such as : 

Pyrites (Fig. 8) (Iron or copper and sulphur} 
Cinnabar (Mercury and sulphur) 

Galena (Fig. 38) (Lead and sulphur) 

Blende (Zinc and sul[)hiir) 

The presence of sulphur was probably detected first in 
pyrites, a mineral which is very rich in sulphur, and yields 



Fig. 38.— -Largk Cube of Galena. 

The triangular faces on the top corncr.s are parts of an octahedron. 


considerable quantities of this element when distilled : in 
other cases its presence was suspected on account of the 
similarity of the mineral to artificial compounds of the 
metals with sulphur. 

The burning of sulphides. — When a metallic sulphide 
is heated in air, the metal usually burns to the calx or oxide, 
whilst the sulphur escapes in the form of sulphurous 
anhydride. In this way the presence of sulphur may be 
detected, even when it cannot be separated in the free state. 

The burning of sulphide to oxide was used by Berzelius 



174 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


in 1811-1812 (Ostwald’s K/assiker^ XXXV. 31-34), to 
determine the proportions of iron and of sulphur in natural 
iron pyrites, in order to compare it with the artificial 
sulphide of iron prepared by heating iron with sulphur. 
He found that : 

9*93 grams of iron pyrites’ gave 6 60 grams of oxide, 

whilst, by an indirect method, 

2 grams of artificial sulphide gave 1*82 grams of oxide, 

the oxide containing 69*34% of iron. The composition of 
these two substances was therefore : 

Pyrites Iron 46*08 Sulphur 53*92% 

Artificial sulphide „ 63 „ 37% 

Conversion of sulphides to sulphates. — The sulphides 
also oxidise slowly when exposed to air and water, but in 
this case the product is usually a sulphate, a compound 
of the calx or oxide of the metal with sulphuric anhydride. 
On account of the readiness with which they unite with 
oxygen, the solutions prepared by dissolving sulphur in potash, 
soda, lime and baryta, and mixtures of iron filings with sulphur, 
were used by Hales, Priestley, Schecle and others for 
absorbing the active part of the air, as well as for 
‘‘ diminishing ” nitrous air, con verting nitric into nitrous 
oxide. It was not, however, until Lavoisier had developed 
his “ oxygen ” theory of combustion that these changes 
were satisfactorily explained. In a paper‘d On the Vitriol- 
isation of Pyrites,” published in 1777 {Works, II. 209), 
Lavoisier showed that the formation of green vitriol only 
takes place in presence of air and can be stopped by covering 
the pyrites with oil, or by keeping it under water. On 
exposing the pyrites in a bell-jar of air over water, he found 
that the vitriolisation was accompanied by a diminution in 
^ 10 grams of pyrites containing 0*07 gram of silica. 
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the volume of the air, which ceased after eighteen to twenty 
days ; the air remaining in the bell-jar was found to have 
been deprived of its oxygen, since it no longer supported 
combustion, and in all respects resembled the “ atmospheric 
mofette ’’ or azote. Lavoisier concluded that : 

“ The pyrites is a compound of sulphur and iron ; the act of 
vitriolisation is nothing els6 than an addition of [oxygen] . . . , 
an addition which converts the sulphur into vitriolic acid ; 
but, this acid being in contact with the finely-divided iron, 
•attacks and dissolves it as rapidly as it is formed, and iron 
vitriol is produced” {Works, II. 21 1). 

In the case of iron pyrites the action is rendered complex, 
by the fact that the mineral contains more sulphur than is 
required to convert the iron into sulphate. But in the case 
of the other metals, e.g, lead, Berzelius found that the 
proportions of metal and sulphur in the sulphide are exactly 
the same as in the sulphate : the change from sulphide to 
sulphate is then a direct combination of the sulphide with 
oxygen. 

The converse change of sulphates into sulphides w^as 
accomplished by Glauber, who heated the vitriols with 
charcoal, and thus converted them into “ livers ” from wLich 
part of the sulphur could be precipitated by the addition of 
acids. 

Sulphuretted hydrogen as an acid. — Sulphuretted 
hydrogen is most conveniently prepared by the action of acids 
on artificial sulphide of iron (Scheele, Air and Fire, p. 193). 
Dalton describes an improved method of carrying out this 
process, as follows : 

The best w^ay I have found to obtain sulphuretted 
hydrogen in a pure state, is to heat a piece of iron to a 
white or welding heat in a smith's forge, then suddenly 
drawing it from the fire, apply a roll of sulphur ; the two 
being rubbed together, unite and run down in a liquid form, 
which soon fixes and becomes brittle. This compound or 



176 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 

siilphuret of iron, is to be granulated and put into a gas 
bottle, to which dilute sulphuric acid is to be added, 
after which the gas comes over plentifully. When the 
sulphuret of iron is made in a crucible from iron filings and 
sulphur, it seldom answers well ; it often gives hydrogen 
mixed with the sulphuretted hydrogen” Sptem^ II. 

450-451)- 

This action is very similar to that whereby muriatic acid 
is liberated from salt by oil of \^itriol, and served to suggest 
that sulphuretted hydrogen might be regarded as a 
feeble acid. This view was put forward, in by 

Berthollet {Ann, dc Chimie,, 179S, 25 , 233-272), who showed 
that the salts of silver and lead could be converted into their 
insoluble sulphides by the addition of sulphuretted hydrogen, 
just as silver is converted into its insoluble muriate by the 
addition of muriatic acid, and lead into its insoluble sulphate 
by the addition of sulphuric acid. These facts were seen to 
be important when Lavoisier’s oxygen-theory of acids became 
the subject of criticism, for in spite of many endeavours no 
oxygen could be detected in sulphuretted hydrogen itself, 
nor in the sulphides derived from it. Berthollet sums up 
his views as follows : 

“ Sulphuretted hydrogen dissolved in water, reddens 
tincture of litmus, litmus-paper and tincture of radish ; it 
combines with the alkalis, baryta, lime and magnesia ; it 
forms with these substances compounds which exchange 
bases when mixed with metallic solutions ; it decomposes 
soap, displacing the oil from the alkali . . . 

“ Sulphuretted hydrogen possesses then all the properties 
which characterise the acids. If several other common 
properties did not demand a separate class of hydrogen- 
compounds, it would undoubtedly be ranged amongst the 
acids.” 

“ I will not recall here the observations which I have 
opposed to the opinion of those who pretend that acidity is 

’ The paper was read before the Paris Academy, 21 Ventose, 
An. IV. 
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an attribute which belongs only to oxygen, I will only add 
that sulfihuretted hydrogen contains no oxygen, and that it 
differs very little, in its acid properties, from carbonic acid, 
which contains nearly 76 per cent, of oxygen ” {loc. cit., 

237-238) 

Sulphides and polysulphides. — Whilst artificial sulphide of 
iron is converted by oil of vitriol into sulphuretted hydrogen 
and sulphate of iron, iron pyrites is found to liberate sulphur 
as an additional product. Sulphides of this kind, which 
liberate sulphur when acted on by acids, are distinguished as 
POLYSULPHIDES. The preparation of “ milk of sulphur ’’ 
from “liver of sulphur” by the action of acids depends in 
part on the fact that soluble polysulphides are formed when 
sulphur is dissolved in an alkali. 


C. Phosphokus. 

The preparation of phosphorus. — The inflammable 
element phosphorus was prepared during the 17th 
and 18th centuries, by a number of chemists, including 
Brand, Kunkel, and Robert Boyle, by evaporating urine to 
dryness, mixing it with sand, and heating strongly. It was 
afterwards prepared from bones.^ Dalton describes the 
process as follows : 

“Phosphorus is usually prepared from the bones 

of animals, which contain one of its compounds, phosphate 
of lime, by a laborious and complex process. The bones 
are calcined in an open fire ; when reduced to powder, 
sulphuric acid diluted with water is added ; this acid takes 
part of the lime, and forms an insoluble compound, but 
detaches superphosphate of lime, which is soluble in water. 
This solution is evaporated, and the salt obtained is in a 
glacial state. The solid is reduced to powder, and mixed with 
half its weight of charcoal ; then the mixture is put into an 

' A full description of the method is given by Pelletier, Joiiynal de 
Physique^ 1785, 27, 26-32. 


N 
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earthenware retort, and distilled by a strong red heat, when 
the phosphorus comes over, and is received in the water 
into wliich the tube of the retort is immersed ” {Neuf System^ 
i8io, 11. 240-241). 

Properties of phosphorus. — Phosphorus is a wax-like 
solid, which melts about blood-heat, and is so extremely 
inflammable that it must be preserved under water. When 
exposed to the air it undergoes a slow combustion, and 
exhibits the luminosity from which it derives its name. 
When gently heated it takes fire and burns very vigorously, 
emitting white fumes. 

The burning of phosphorus. — The burning of phosphorus 
was investigated in 1772 by Lavoisier, who showed that it 
gained in weight, in just the same way as sulphur and the 
metals. 

His observations are described in a “ Memoir on the 
Combustion of Phosphorus and on the nature of the acid 
which results from this combustion {Mcfft. Acad, Sci., 1777, 
p. 65 ; IVorks, II. 139), as follows : 

“ If phosphorus is ignited, by means of a burning-glass, 
under a bell-jar immersed in mercury, one observes : 

(1) That only a given quantity of phosphorus can be 
burned in a given quantity of air, and that this quantity is 
about I grail for 16 to 18 cubic inches of air. 

(2) That, when this quantity has been burnt, the phos- 
phorus is extinguished, and cannot be relighted, unless 
brought into contact with a quantity of fresh air, which has 
not been used for combustion. 

(3) That fresh phosphoru.s, introduced under the same 
bell-jar, burns no better than the first. 

(4) That, during the burning of the phosphorus, there is 
formed a great abundance of white flowers or flakes, like 
very fine snow, which attach themselves everywhere to the 
interior of the bell-jar, and are nothing else than solid 
phosphoric acid. 

(5) That, at the first moment of combustion, the air in 
the jar expands considerably, on account of the heat of the 
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combustion ; but that the same air then diminishes con- 
siderably in volume, until, when the vessels are cold, it only 
occupies four-hfths or five-sixths of the space which it 
occupied before the combustion. If the flowers or white 
flakes, which are found during this operation, are collected 
and weighed before they have come into contact with fresh 
air, and without allowing them to absorb moisture, one 
observes that they are two and a half times as heavy as the 
phosphorus used to produce them, in other words, that 
from a grain of phosphorus 2i grains of solid phosphoric 
acid have been produced.” 

“ The air which has thus been diminished as much as 
possible by the combustion of phosphorus, is not denser 
than atmospheric air ; its specific weight is even diminished 
rather than increased ; it is no longer fit for the respiration 
of animals nor for the combustion, nor inflammation ol 
substances” {M'or/iSf II. 139-140). 

Phosphoric acid and the phosphates. — The white solid 
prepared by burning phosphorus in air is now called 
PHOSPHORIC ANHYDRIDE, the name phosphoric acid being 
reserved for the product obtained by the action of water 
upon it. Lavoisier showed that phosphoric acid could be 
prepared by the action of warm nitric acid upon phosphorus 
{Works, II. 277), as well as by burning it in air. He also 
prepared a number of salts of phosphoric acid, and 
described them as phosphates. 

. Phosphorous acid and the phosphites. — A different acid is 
produced when phosphorus is allowed to smoulder, e.g. by 
putting small pieces of phosphorus on the sloping sides of a 
glass funnel, and letting the liquid drop into a bottle as 
it is formed. The acid was examined by Sage {Mem, Acad, 
Sci,, 1777, 91 , 435). He found that the salts prepared by 
neutralising it with soda or potash, unlike those prepared by 
Lavoisier from burnt phosphorus, were not deliquescent, i.e, 
did not become liquid by absorbing moisture from the 
air. Gengembre noticed that the freshly-prepared acid 
“ is still luminous in the dark, and retains a slight odour of 

N 2 
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garlic ; if “ one heats it in an open vessel, small flames 
arise from it from time to time ” (Gengembre, Menu 
Math, Phys,, Paris Academy, 1785, X. 652). The new 
acid, which contains less oxygen than, phosphoric acid, 
was distinguished by the French chemists in 1787 as 
PHOSPHOROUS ACID and its salts as phosphites. 

Phosphoretted hydrogen. — An inflammable compound 
of phosphorus with hydrogen was discovered in 1783 by 
Gengembre, whilst attempting to prepare a “ liver ’’ of 
phosphorus by the action of alkalis upon it. The discovery 
is described as follows : 

“ I put some fixed caustic vegetable alkali to digest over 
phosphorus ; at the end of some hours, I saw a multitude 
of minute bubbles, which adhered to the surface of the 
phosphorus : then I exposed the whole to a heat of 35 to 
40 degrees, to accelerate the action of the alkali. Scarcely 
was the phosphorus melted, when there arose an unbear- 
able odour of decayed fish, and a considerable quantity of a 
peculiar gas, which took Are explosively of its own accord, 
as soon as it came in contact with the air ” (“ Memoir on 
a new gas obtained by the action of alkalis on Kunkel’s 
Phosphorus.’^ Read at the Academy, May 3, 1783; Mem. 
Math. Phys.., 1785, X. 651-658; p. 652 ; compare Crell’s 
Chemische ^nna/en^ 1789, I. 450-457 ; p. 451). 

The gas liberated by the action of the alkali at lower 
temperatures did not take fire spontaneously {/oc. cit, p. 655). 
The preparation and properties of the gas were described 
by Dalton as follows : 

“ Let an ounce or two of hydrate of lime (dry slacked 
lime) be put into a gas bottle or retort, and then a few small 
pieces of phosphorus, amounting to 40 or 50 grains. If the 
materials are sufficient to fill the bottle, no precaution need 
be used ; but if not, the bottle or retort should be previously 
filled with azotic gas, or some gas not containing oxygen, in 
order to prevent an explosion. The heat of a lamp is then 
to be applied, and a gas comes which may be received 
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over water. This gas is phosphuretted hydrogen ; but some- 
times mixed with hydrogen. — Liquid caustic potash may be 
used instead of hydrate of lime, in order to prevent the 
generation of hydrogen. 

Phosphuretted hydrogen gas has the following pro- 
perties : (r) When bubbles of it come into the atmosphere, 

they instantly take fire ; an explosion is produced, and a ring 
of white smoke ascends, which is phosphoric acid : (2) It 

is unfit for respiration, and for supporting combustion : (3) 

Its specific gravity is 0*85, common air being denoted by 
unity : (4) Water absorbs ^yth of its bulk of this gas : 

(5) If the gas be electrified, the phosphorus is thrown 
down, and there finally remains the bulk of the gas of pure 
hydrogen ” {New Syste?n^ II. 456-457). 

I'he same gaseous compound is formed when a solution 
of phosphorous acid is heated.^ (Gengembre, 1783, loc. cit,) 
Water is evaporated, phosphoretted hydrogen escapes and 
finally a residue of phosphoric acid remains. In this action 
the phosphorous acid undergoes a process of simultaneous 
oxidation and reduction, one portion being oxidised to 
phosphoric acid by another portion, which loses all its 
oxygen, and is converted into phosphoretted hydrogen. 
A similar process occurs when the gas is made from phos- 
phorus by the action of an alkali : in this case a part of the 
phosphorus is oxidised with the help of oxygen derived 
from the decomposition of water, whilst another portion 
combines with the hydrogen of the water to form phosphor- 
etted hydrogen. 

Phosphoretted hydrogen not an acid. — Berthollet points 
out in his memoir on “ Sulphuretted hydrogen ’’ that : 

Water in which phosphoretted hydrogen is dissolved, 
shows no sign of acidity ; and solutions of potash, lime and 
ammonia, do not appear to absorb more of the gas than 
pure water.” 

^ Kopp attrihulcs this discovery to Pelletier (1790), seven years after 
Gengenihre’s paper was read at the Paris Academy, but I have not 
been able to find any reference to it in Pelletier’s papers. 
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“ Phosphoretted hydrogen has then no acid properties ; 
and this is its principal difference from sulphuretted hydro- 
gen. It follows ; (i) that the gas is liberated as fast as it is 
formed, whilst sulphuretted hydrogen is held in combination 
with the alkali and the water ; (2) that the alkaline phos- 
phides are decomposed in contact with water” (An^. de 
Chimie, 1798, 25 . 267), 


SUMMARY AND SUPPLEMENT. 

A. AND B. Sulphur. 

Sulphur or brimstone is found in the free state and also in 
combination with metals in the mineral sulphides^ such as : 


Iron pyrites 

FeS2 

(persulphide of iron) 

Copper pyrites 

FeCuSg 

(sulphide of iron and copper) 

Cinnabar 

HgS 

(sulphide of mercury) 

Galena 

PbS 

(sulphide of lead) 

Blende 

ZnS 

(sulphide of zinc). 


A part of the sulphur in iron pyrites can be distilled out : 
3FeS2-» Fe3S4 -h Sg. 

The whole of the sulphur in the mineral sulphides can, however, 
be removed by burning, whereby both metal and sulphur are 
converted into oxide, e.g. : 

3FeS2 -f- 8 O 2 Fe.j 04 -f- bSOg 

2ZnS F 3O2 2ZnO + 2SO2. 

Sulphur burns in air, without producing any change of volume, 
to a pungent gas, sulphurous anhydride (sulphur dioxide, SOg) : 

S F O2 SO2. 

I voL I voL 

The gas dissolves freely in water, forming a weak volatile acid, 
sulphurous acidy H2SO3, but is expelled by boiling and by 
exposure to air. The acid can be fixed by means of alkalis 
or bases, with which it combines to form salts known as 
sulphites^ eg. : 

Sulphite of soda or sodium sulphite Na2S03 
Sulphite of potash or potassium sulphite K2SO3 
Sulphite of lime or calcium sulphite CaSOs. 
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The volatile acid and its salts were prepared in 1702 by Stahl, 
who showed that the salts were converted by exposure to air 
into salts of the fixed oil of vitriol. This action may be 
represented by the equation : 


2K2SO3 + O2 2K2SO4. 

Potassium Potassium 

sulphite sulphate 

The gas was isolated in 1774 by Priestley, who obtained it from 
oil of vitriol by the reducing action of olive oil or of mercury : 

Hg + 2 H 2 S 04 -> HgSO^-f SO2 4 - 2H2O 

Mercury f Sulphuric Mercuric + Sulphurous + Water 
acid- sulphate anhydride 

The gas is freely soluble in water, but could be collected and 
preserved over mercury. 

Lavoisier (1777) showed that oil of vitriol might be regarded 
as a compound of sulphurous anhydride with oxygen and water. 
He attempted to analyse it by heating it with mercury and 
collecting all the products, including the mercury which was 
finally recovered from the action : 

Hg 4 - 2H2SO4 ^ HgS 04 -f SO2 4 - 2H2O 

HgS 04 Hg 4 - O2 4 * SO2. 

Gay-Lussac, in 1807, carried out a successful analysis by 
heating the sulphate of alumina in the form of alum, whereby he 
obtained a mixture of sulphurous anhydride with half its volume 
of oxygen : 

2 Al 2 (S 04)3 2AI2O3 4 - 6SO2 + 3O2. 

Sulphate of —> Alumina + Sulphurous + Oxygen 
aiumina anhydride 

As sulphurous anhydride contains its own volume of oxygen, 
the proportion in sulphuric anhydride must be 50 per cent, 
greater. 

Sulphuretted hydrogen (SH2) is set free in the form of a 
foetid gas by the action of acids on sulphides, such as the 
artificial sulphide of iron, which is produced by fusing the metal 
with sulphur : 

FeS 4 - H2SO4 FeS04 4 - HgS. 

Sulphide of + Oil of Ferrous -f Sulphuretted 

iron vitriol sulphate hydrogen 
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The gas is a very weak acid, but is able to precipitate insoluble 
sulphides from solutions of many metallic salts, thus : 

Silver 2AgN03 + ^oS — > AggS + 2HNO3 

Lead Pb(N03)2+ HgS PbS + 2HNO3 

CoppcrQuSO.^ + HgS CuS + HgS04. 

In other cases, however, the action proceeds in the opposite 
direction, the sulphide being dissolved by the mineral acid and 
sulphuretted hydrogen set free, thus : 

Iron FeS + HoSO^ FeS04 + HgS 
Zinc ZnS + HgSO^ ZnS04 + HgS. 

Liver of Sulphur is prepared by dissolving sulphur in an 
alkali or alkaline earth. The primary action is probably the 
formation of sulphite and sulphide, thus : 

3Ca(OH)2 + 3S CaSOj + 2CaS + 3H2O. 

Calcium Calcium Calcium 

hydioxide sulphite sulphide 

By the addition of acid, sulphur dioxide and sulphuretted 
hydrogen are produced : 

CaS03 + 2CaS + 6HCI 3CaCl2 + SO2+ 2H2S + HgO ; 

these then interact in the solution to produce sulphur and 
water : 

SO2 + 2H2S 3S 4 - 2H2O. 

In the formation of liver of sulphur the converse action takes 
place, sulphur and water being converted into sulphur dioxide 
and sulphuretted hydrogen ; this reversal of the usual action may 
be attributed to the affinity of the alkali for the two gases, both 
of which possess marked acid qualities. 

Further quantities of sulphur may be dissolved owing to the 
production of thiosulphate and polysulphides^ thus : 

CaSO;, 4- CaSgOg 

Calcium Calcium 

sulphite thiosulphate 

CaS 4 - Sa; CaSx+i. 

Calcium Calcium 

sulphide polysulphide 
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These substances liberate their additional sulphur when acids 
are added, giving an increased yield of milk of sulphur. 


C. Phosphorus 

Phosphorus.^ first prepared by distilling urine with sand, burns 
very readily to a white, snowy oxide, increasing greatly in weight 
(Lavoisier, 1777) : 

P4 + 5O2 P40,„. 

The white oxide., phosphoric a?j hydride., p40jf„ dissolves in water 
to phosphoric acid^ 

P4O10 + 4H.,P0„ 

from which series oi phosphates may be prepared, thus : 

Sodium phosphates, NaH2P04, Na2HP04, Na3P04 
Potassium phosphates, KH2PO4, K2HPO4, K;}P04 
Calcium phosphates, Cali4(P04)2, Ca2H2(P04)2, Ca3( 1^04)2. 

The smouldering of phosphorus gives rise to phosphorous 
acid, 

P4 + 3O, + 6H2O 4H3PO3, 

from which phosphites may l^e prepared, e.g. : 

Sodium phosphite, NagPOg 
Potassium phosphite, K3PO3. 

In attempting to prepare a liver of phosphorus, Qeilgeinbre, 
in 1783, obtained an inflammable gaseous phosphoretted hydrogen 
ox phosphine, PH ^ : 

P4 + 3k0H + 3H2O 3KH2PO2 + PH3. 

Potassium Phosphine 
hypophosphite 

The same gas is obtained by heating phosphorous acid : 
4H,P0, H3P + 3H3PO4. 

Phosphorous Phosphine Phosphoric 

acid acid 

The gas prepared by Gengeinbre, by the action of hot alkali on 
phosphorus, was spontaneously inflammable on account of the 
presence of the vapour of a liquid phosphoretted hydrogen, P2H4. 



CHAPTER X 

NITRE, NITRIC ACID, AND NITROGEN 

A. Nitrogen 

Speculations as to the nature of nitrous air and of 
azote. — In the preceding chapters the nature and properties 
of some of the common gases have been described. Thus 
Black’s “ fixed air” has been shown to be a product of combus- 
tion, a compound substance containing carbon and oxygen. 
Cavendish’s “inflammable air,” on the other hand, is a 
simple substance, which unites with oxygen to form water. 
The nature of Priestley’s “nitrous air” still remains, 
however, to be discussed. 

The fact that nitrous air combines with oxyge^ to form 
brown nitrous fumes, and with oxygen and water to form nitric 
acid suggested that the gas might be the “elementary 
principle” from which nitric acid was derived, just as 
carbonic, sulphuric, and phosphoric acids were derived from 
carbon, sulphur, and phosphorus respectively. On the other 
hand, the fact that nitrous air could be “ diminished ” by iron 
filings and sulphur certainly suggested that it contained 
oxygen ; the product, it is true, did not behave like a 
deoxidised nitrous air, since it supported combustion almost 
as well as oxygen itself ; but it undoubtedly contained 
oxygen, which could scarcely be derived from any source 
but the nitrous air. 
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Assuming then that nitrous air already contained oxygen, 
what was the nature of the substance with which the oxygen 
was combined ? and what was the fundamental principle of 
nitric acid and the nitrates ? There was much vague 
evidence to show that this principle might be identified 
with ‘‘azote,” the inactive residue left after depriving air of 
its oxygen. Thus Priestley had recorded the fact that : 

“ Nitrous air, which had been confined above a year in 
contact with iron, standing in water, was in all respects like 
phlogisticated common air : it neither diminished common 
air, nor was diminished by nitrous air, and extinguished a 
candle” {Experiments on Air, 1775, ^ 77 )* 

Cavendish, too, had noticed that charcoal deflagrated with 
nitre produced an air which “ as far as I can perceive . . . 
differs in no respect from common a»r phlogisticated ” 
(A.C.R, III. 21). But in neither case was the evidence 
sufficiently definite to justify the view that nitrous air was 
an oxide of azote, or nitric acid a compound of azote with 
oxygen and water. 

This inert gas had, indeed, defied almost all attempts to 
change it or to ascertain its nature, Priestley, after many 
experiments on diminishing the volume of gases, could not 
find any substance which would diminish common air to a 
larger extent than one-fifth, although nearly every other gas 
that he had handled could by some means or other be 
condensed almost entirely, e,g . : 

acid air and alkaline air by water, 
fixed air by lime-water or by potash, 
nitrous air by oxygen and water, 

and so forth. It was, however, one of his random observa- 
tions, on the diminution of air by sparking {Experiments and 
Observations, 17 79? IV. 284-287), that enabled Cavendish 
to solve the problem of the nature of azote, and of the various 
nitrous compounds. 
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Cavendish (1781) finds nitric acid in the water produced 
by the explosion of hydrogen and oxygen.— By burning 
hydrogen in air, Cavendish, in 1781, obtained 135 grains of 

pure water ” which had no taste nor smell ’’ ; but when he 
exploded hydrogen with an excess of oxygen the 30 grains 
of water which he obtained ‘‘ was sensibly acid to the taste, 
and by saturation with fixed alkali and evaporation, yielded 
near two grains of nitre ; so that it consisted of water united 
to a small quantity of [nitric] acid” ^(A.C.R. III. 16). 

The explosion of hydrogen with an excess of oxygen always 
led to the production of nitric acid, even when the oxygen 
was prepared without using a nitrate, from red lead and 
oil of vitriol, or from the leaves of plants by exposing them 
to sunlight in a vessel filled with water. But when the 
proportion of oxygen was reduced, so that only about 2% of 
it remained unburnt, “ the condensed liquor was then not 
acid, but seemed pure water.” Cavendish also found that 
“ when inflammable air was exploded with common air . . . 
the condensed liquor was not in the least acid ” (A.C.R. III. 
18), although a large excess of oxygen was provided. The 
production of nitric acid was therefore dependent (i) on 
the presence of an excess of oxygen, and (2) on the high 
temperature reached in the explosion of hydrogen with 
oxygen. 

As it seemed improbable that the nitric acid could be 
derived from the oxygen, Cavendish attributed its formation 
to the oxidation of azote (present as an impurity) during 
the explosion. 

Cavendish ( 1784 ) prepares nitric acid by sparking air.— 

The high temperature which Cavendish thought to be 

^ Priestley, in 1788, discovered nitrate of copper in the moisture pro- 
duced by exploding inflammable air with common air in a copper vessel ; 
in one experiment 442 grains of the green liquor contained enough nitric 
acid (free and combined) to yield 23 grains of nitre {Experiments and 
Observations on Acidity ^ Water ^ and Phlogiston^ Phil Trans,, 1788, 
78, I47-i57» 3*3-330). 
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necessary for the combination of azote with oxygen can be 
obtained without the addition of inflammable air or of any 
other foreign substance by using electric sparks. Priestley 
had noticed that these diminished the volume of air and 
thought that fixed air was produced. Cavendish confirmed 
the diminution of volume, but found tliat the production of 
fixed air was due “ to the burning of some inflammable 
matter in the apparatus,” and “ that the real cause of the 


M 



Fui, 39 .— Cavendish’s Apparatus for Sparking Air 
OVER Mercury. 


diminution ” was the conversion of azote into nitric acid. 
Cavendish writes : 

‘‘The apparatus used in making the experiments was as 
follows. The air through which the spark was intended to 
be passed was confined in a glass tube bent to an angle, 
[as in Fig. 39], which, after being filled with quicksilver, was 
inverted into two glasses of the same fluid, as in the figure. 

By means of a small glass tube suitably bent : 

“ 1 was enabled to introduce the exact quantity I pleased 
of any kind of air into the tube M\ and by the same means, 
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I could let up any quantity of soap-lees, or any other liquor 
which I wanted to be in contact with the air.’^ 

“ The bore of the tube M used in most of the following 
experiments was about one-tenth of an inch ; and the 
length of the column of air, occupying the upper part of the 
tube, was in general from i J to | of an inch.” 

“ When the electric spark was made to pass through 
common air, included between short columns of a solution 
of litmus, the solution acquired a red colour, and the air 
was diminished, conformably to what was observed by 
Dr. Priestley.” 

“ When lime-water was used insteadof the solution of litmus, 
and the spark was continued till the air could be no further 
diminished, not the least cloud could be perceived in the 
lime-water ; but the air was reduced to two-thirds of its 
original bulk ; which is a greater diminution than it could 
have suffered by mere phlogistication, as that is very little 
more than one-fifth of the whole.” 

“ When the air is confined by soap-lees, the diminution 
proceeds rather faster than when it is confined by lime- 
water ; for which reason, as well as on account of their 
containing so much more alkaline matter in proportion to 
their bulk, soap-lees seemed better adapted for experiments 
designed to investigate the nature of this acid, than lime- 
water” (A.C.R. III. 39-43). 

Cavendish fou id that the diminution of volume on 
sparking either azote or pure oxygen separately over soap- 
lees was very small ; but when five parts of oxygen “ were 
mixed with three parts of common air,^ almost the whole of 
the air was made to disappear ” (A.C.R. III. 44). The soap- 
lees “ being evaporated to dryness, yielded grains of salt, 
which is pretty exactly equal in weight to the nitre which that 
quantity of soap-lees would have afforded if saturated with 
[nitric] acid. This salt was found, by the manner in which 
paper dipped into a solution of it burned, to be true nitre ” 

* In this experiment 5-1- x 3) = 5 J volumes of oxygen combined 
with j X3=:2|. volumes of azote, i.e. 7 volumes of oxygen combined 
with 3 of azote. 
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(A.C.R. III. 45). It was free from vitriolic and muriatic 
acids, but gave a precipitate with a solution of silver owing 
to the fact that a part of the nitre was in the “ phlogisti- 
Gated ’’ (t.e. reduced or deoxidised) condition, to which it 
is brought when heated so as to drive off a part of its oxygen 
(see below, p. 199). 

The composition of air. — It has been seen that air contains 
about one-fifth of oxygen and a trace (about 1/2500) of fixed 
air or carbonic anhydride, as well as a variable quantity of 
moisture. The inert residue, of “ azote is much less easy 
to analyse. Cavendish writes : 

As far as the experiments hitherto published extend, we 
scarcely know more of the nature of the phlogisticated part 
of our atmosphere, than that it is not diminished by lime- 
water, caustic alkalis, or nitrous air ; that it is unfit to 
support fire, or maintain life in animals ; and that its specific 
gravity is not much less than that of common air” (A.C.R. 
III. 49)- 

His experiments had shown that it consisted largely of 
NITROGEN,^ i.e, of a gas which can be converted into nitre 
by sparking with oxygen in presence of potash. “Yet it 
might fairly be doubted whether the whole is of this kind, 
or whether there are not in reality many different substances 
confounded together by us under the name of phlogisticated 
air ,2 I therefore made an experiment to determine, whether 
the whole of a given portion of the phlogisticated air of 
the atmosphere could be reduced to [nitric] acid, or whether 
there was not a part of a different nature from the rest, 
which would refuse to undergo that change” (A.C.R. III. 
49 )- 

For this purpose Cavendish took the usual mixture of air 
and oxygen and diminished it as much as possible by sparking. 

' The name was invented by the French chemist and calico- 
printer Chaptal about 1790 (see the Preliminary Discourse of his 
Elements of Chemistry tr. 1791, pp. xxxiv. to xxxvi. ). 
i.e. Azote. 
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He then added some more oxygen to the residue and 
continued to spark till no further diminution took place. 
The excess of oxygen was absorbed by means of “ liver of 
sulphur,” 

“After which only a small bubble of air remained un- 
absorbed, which certainly was not more than of the 
bulk of the phlogisticated air ^ let up into the tube ; so that 
if there is any part of the phlogisticated air ^ of our atmos- 
phere which differs from the rest, and cannot be reduced 
to [nitric] acid, we may safely conclude, that it is not 
more than yjJyj- part of the whole” (A.C.R. III. 50). 

For no years this bubble of gas was thought to be merely 
a residue of iinabsorbed nitrogen ; but in 1895 Rayleigh 
and Ramsay found that the atmosphere actually contained 
about 0*93% of a gas, argon, even more inert than 
nitrogen ; there is therefore no doubt that the bubble 
which Cavendish noticed was actually a part of the 
azote “ which differs from the rest, and cannot be reduced 
to nitrous acid.” His cautious statement has, indeed, proved 
to be entirely accurate, in contrast with the hasty assump- 
tion of his successors that the azote consisted entirely of 
nitrogen. 


B. Composition of the Gaseous Oxides of Nitrogen. 

Oxides of nitrogen. — The experiments of Cavendish 
showed that nitrogen, the chief constituent of azote, could 
be converted into ordinary nitre by sparking it with oxygen 
over potash. This gas was therefore the characteristic 
constituent of nitric acid. The three gases which Priestley 
had prepared from nitric acid probably contained the same 
constituent in combination with oxygen. Experiments were 
therefore made by different workers to ascertain their com- 
position. 


* i,e. Azote, 
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Composition of nitrous oxide. —The first successful 
analysis was carried out by Davy (circ. 1800) in the case of 
the diminished nitrous air or “ laughing gas,” to which he 
gave the name nitrous oxide. The gas was analysed by 
burning charcoal in it : the proportion of oxygen was 
calculated from the volume of carbonic anhydride produced, 
whilst the nitrogen left after the combustion was measured 
directly. The gas, generated from nitrate of ammonia, 
“ was in its highest state of purity, as it left a residuum of 
only, when absorbed by boiled water.” 

“Ten cubic inches of it were inserted into a jar graduated 
to O' I cubic inch, containing dry mercury. Through this 
mercury a piece of charcoal which had been deprived of its 
hydrogen by long exposure to heat, weighing about a grain, 
was introduced, while yet warm. No perceptible absorption 
of the gas took place.” 

“ Thermometer being 46°, the focus of a lens was thrown 
on the charcoal, which instantly took fire, and burnt vividly 
for about a minute, the gas being increased in volume. 
After the vivid combustion had ceased, the fexms w^as 
again thrown on the charcoal ; it continued to burn for 
near ten minutes, when the process stopped.” 

“ I'he gas, when the original pressure and temjierature 
were restored, filled a space ec|ual to 12 '5 cubic inches” 
(Davy’s Works^ III. 59-60}. 

An examination of the residue show^ed that ^'2 cubic inches 
of the gas had been decomposed^ 2 *4 cubic inches 

of carhmic a^ihydride (condensed by the addition of 
ammonia) and 5'! cubic inches of Jiiirogen^ whilst the other 
4'8 cubic inches were unchanged and could be dissolved out 
by means of boiled water. Knowing the proportion of 
oxygen in the carbonic anhydride, and the densities of 
nitrogen and of nitrous oxide, Davy was able to conclude : 

“that 100 grains of nitrous oxide are composed of 37 
oxygen and 63 nitrogen : existing in a much more con- 
densed form than when in their simple forms.” 


o 
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It is, however, a simpler matter to deduce the composition 
of the gas by volume. Priestley and Lavoisier had shown 
that charcoal burns in oxygen without producing any change 
in the volume of the gas; 2*4 cubic inches of carbonic 
anhydride would thus contain 2*4 cubic inches of oxygen 
derived from nitrous oxide. The 5*2 cubic inches of nitrous 
oxide, therefore, contained 5*1 cubic inches of nitrogen, and 
2*4 cubic inches of oxygen; or, speaking approximately, 
nitrous oxide contains its own volume of nitrogen and half its 
volume of oxygen. 

Composition of nitrous air or nitrous gas (nitric oxide). 

— Davy next turned his attention to the gas which Boyle 
had prepared by the action of iron on nitric acid, and 
Priestley had described under the name of “nitrous air.” 
This gas was described by Davy in 1800, and by Gay- 
Lussac in 1809 and in 1816 as “nitrous gas.” The modern 
name of nitric oxide was introduced about the year 1818. 

It had been shown by Priestley in 1786 {Experunents 
and Observations^ 17S6, VI. 304) that iron increased in 
weight when heated by means of a lens in a jar of nitrous 
air ; at the same time the volume of gas was diminished 
about one half, the residue consisting of an inactive gas 
resembling atmospheric nitrogen. Charcoal heated in the 
same way produced carbonic anhydride and nitrogen {loc. 
cit. p. 434), but the results were less trustworthy. Davy 
repeated the experiment with charcoal and found that, 
after applying the burning glass for four hours, 15 *4 cubic 
inches of nitrous gas gave 87 cubic inches of carbonic 
anhydride and 7*4 cubic inches of nitrogen. From 
these figures he calculated “that 100 grains of nitrous 
gas contain 56*5 oxygen and 43*5 nitrogen” (Davyds 
Works, III. 77-79). The composition by volume may 
be deduced by assuming that the carbonic anhydride 
contained its own volume of oxygen derived from the nitrous 
gas. The 15 *4 volumes of nitrous gas would then contain 
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Gay-Lussac believed that these should be taken as round 
numbers and concluded that 100 parts of oxygen C 07 nbbie 
’iviih 200 parts of nitrous gas to form 100 parts of the brown 
fumes. 

It is now known that the relative volume of the product 
varies very greatly with the temperature ; at temperatures 
above 1 50'’ C. 200 volumes are produced, but at atmospheric 
temperatures the quantity may be only a little above 100 
volumes. The gas resulting from the admixture is now 
called NITROGEN PEROXIDE. Since it is formed by the com- 
bination of one volume of oxygen with two volumes of nitric 
oxide (containing i volume oxygen and i volume nitrogen) 
it follows that nitrogen peroxide is a compound of nitrogen 
with oxygefi in the ratio of one volume of nitrogen to two 
volumes of oxygen. 

C. Nitric and Nitrous Acids. 

Two varieties of nitric acid. — Although Cavendish had 
discovered in 1784 the nature of the characteristic con- 
stituents of nitric acid, it was not until 1816 that the 
quantitative composition of the acid was finally determined. 
This delay was due, mainly, to the fact that the name was 
applied to acids which varied widely in composition and 
properties. 

During the earlier alchcmistic period nitric acid was pre- 
pared by throwing a mixture of green vitriol and nitre into 
a retort or on a charcoal fire and condensing the brown 
fumes in a receiver containing cold water. In this way a 
red, fuming acid was produced. 

On the other hand, the acid which Glauber prepared by 
distilling saltpetre with oil of vitriol in glass vessels at a low 
temperature was almost colourless. But it was not possible 
to distinguish the two varieties sharply from one another, 
and the whole range of acids, from the least to the most 
highly coloured, were described under a single name as 
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“the nitrous acid.” The name nitric acid, now used to 
distinguish the colourless acid prepared by Glauber’s 
method, was not introduced until 1787. 

Nitric and nitrous acids. — It was recognised both by 
Priestley and by Scheele that pure nitric acid is colourless, 
but becomes red when reduced or deoxidised by contact 
with inflammable substances. Thus Scheele in his Treatise 
on air and fire (1777) asserts that : 

“ The colours of the acid of nitre are accidental. When 
a few ounces of fuming acid of nitre are distilled by a very 
gentle heat, the yellow separates itself from it and goes into 
the receiver, and the residuum in the retort becomes white 
and colourless like water. This acid has all the chief 
properties of acid of nitre, except that the yellow colour is 
wanting. This I call the pure acid of nitre ; as soon, 
however, as it comes into contact with an inflammable 
substance, it becomes more or less red. This red acid 
is more volatile than the pure, hence heat alone can separate 
them from one another ; and, for exactly the same ^reason 
the volatile spirit must go over first in the distillation of 
Glauber’s spirit of nitre. When this has gone over, the 
colourless acid follows” (A.C.R. VIII. 20-21). 

The gradual reduction of the acid is described (A.C.R. 
VIII. 21) as prod icing : 

(1) Red nitrous vapours (nitrogen peroxide). 

(2) A weak, volatile phlogisticated acid of nitre 
(nitrous acid). 

(3) Colourless nitrous air (nitric oxide). 

(4) Complete destruction of the acid (production of 
nitrogen). 

Scheele examined in detail the properties of the phlog- 
isticated acid of nitre, prepared by the action of inflam- 
mable substances upon the colourless acid. He made 
the important discovery that a salt of the phlogisticated 
acid was produced by heating common nitre or saltpetre 
until it ceased to “ boil.” In addition to collecting the gas 
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(oxygen) set free during this action, Scheele noted 
that : 

“ Nitre maintained in red-hot fusion in a glass retort for 
half an hour, becomes moist in the open air, and deliquesces 
after cooling, and still does not show any trace of alkali.’’ 

“ This liquefied nitre permits its volatile acid to escape 
immediately, when rubbed or mixed with the vegetable 
acids” (A.CR. VIIL 28-29). 

A further distinction was discovered by Cavendish, who 
found that nitre after heating in an earthenware retort 
acquired the property of forming a precipitate when 
mixed with nitrate of silver (A.C.R. III. 46), the silver salt 
of the “ phlogisticated ” acid being almost insoluble in water 
(see above, p. 191). 

The name nitric acid was given to the acid of common 
nitre by the French chemists in 1787. The traditional 
name of nitrous acid was transferred by them to the 
“phlogisticated” or deoxidised acid of Scheele’s ignited 
salt.^ Thus they write : 

“ We have not hesitated to make the authority of the rule 
prevail over that of custom, by naming for example, nitric 
acid that in which the azote is impregnated with all the 
oxygen it is capable of containing, and reserving the 
appellation of nitrons acid for that much weaker acid where 
the same base is mixed to a much less quantity of oxygen ” 
{Chemical No 7 nenclatur€^ tr. 1788, p. 35). 

The salts of nitric acid were called nitrates, whilst those 
derived from nitrous acid were called nitrites. 

Composition of nitric and nitrous acids. — The first 
attempts to determine the composition of nitric acid were 
made by Lavoisier in 1776 {Mem. Acad. Sci.^ 1776, 671 ; 
JVorks, 11. 129) eight years before Cavendish had discovered 

^ Saltpetre which has been heated with metallic lead consists almost 
entirely of potassium nitrite, the potassium salt of nitrous acid, but the 
red fuming “ acid of nitre ” contains both nitric and nitrous acids. 
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in atmospheric “nitrogen'^ the principle from which the 
acid is derived. Lavoisier’s experiments were therefore 
restricted to measuring the proportions in which nitrous air 
(nitric oxide) and oxygen arc united in the acid. 

Lavoisier’s analysis of nitric acid. — Lavoisier first 
attempted to analyse nitric acid by acting upon it with 
mercury in such a way that the mercury was recovered 
unchanged, whilst the acid was resolved into a scries of 
gaseous constituents. For this purpose two ounces of acid 
of density i •316 were heated with two ounces of mercury and 
the gaseous products were collected as they were set free, 

(1) during the dissolution of the mercury in the acid, 

(2) during the decomposition of the nitrate to oxide 
(red precipitate), 

(3) during the decomposition of the oxide into mercury 
and oxygen. 

At the end of the experiments 226 cubic inches of nitrous 
air and 238 cubic inches of oxygen had been collected, in 
addition to a considerable quantity of water, whilst the 
mercury was recovered intact. The experiment failed to 
give correct results because nitrous fumes, produced at 
various stages of the action, were absorbed and lost in the 
water over which the gases were collected ; but the method 
was so ingenious as to be well worthy of notice. 

Lavoisier’s synthesis of nitric acid. — Lavoisier also 
attempted in 1776 to synthesise nitric acid by combining 
together known quantities of nitrous air and oxygen in 
presence of water. He found that 7 J measures of nitrous air, 
mixed with 4 measures of oxygen over water, 

“ were reduced to about J of a measure, that is to say to of 
their original volume.” 

The water in the tube was acid at the end of this 
operation, or rather was nothing but a weak [nitric] acid ; 
on saturating it with an alkali, I obtained from it by evapora- 
tion a true saltpetre” {Works, 11 . 135). 
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The result of this experiment, in which nitrous air 
combined with only half its volume of oxygen, did not 
agree with those obtained by the analytical method, in 
which the volumes were approximately equal The 
discrepancy led Lavoisier to suggest that the acid prepared 
from nitre, which he had used for analysis, differed essen- 
tially from the acid synthesised from nitrous air, and that 
it was considerably richer in oxygen. 

Later investigators found that the proportions in which 
nitric oxide and oxygen combined were not definite, but 
varied widely with the conditions under which the experi- 
ment was carried out ; the problem whicli Lavoisier had 
attacked was indeed of altogether exceptional difficulty, and 
forty years elapsed before the correct solution was given by 
one of the brilliant group of Frenchmen who, in the early 
years of the nineteenth century, resumed at Arcueil, near 
Paris, the work which was so tragically interrupted by the 
untimely death of Lavoisier. 

Combination of nitric oxide with oxygen to form nitric 
and nitrous acids. — When nitric oxide is added in suitable 
proportions to common air or to oxygen confined over 
water, the whole of the oxygen is removed and the water 
becomes inpregnated with nitric or nitrous acid. The 
method is fairly trustworthy as a means of absorbing or 
estimating oxygen, but great variations were found in the 
quantity of nitric oxide required to remove a given volume 
of oxygen, and conse(]iiently also in the proportions of 
nitrous air and oxygen in the resulting acid. Thus : 

Lavoisier found : oxygen : fiitric oxide — loo : 187 

Dalton found : oxygen : nitric oxide — 100 : 130 to 360 

Davy found : oxygen : nitric oxide = 100 : 133 to 300 

Such variations were not difficult to understand in view 

of Cavendish’s observation that when water impregnated 
with the mixed gases was distilled in a glass retort : 
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‘‘ The first runnings were very acid, and smelt pungent, 
being nitrous acid much phlogisticated ; what came next 
had no sensible taste or smell ; but the last runnings were 
very acid, and consisted of nitrous acid not phlogisticated ” 
(A.C.R. III. ii). 

Similar mixtures of nitric and nitrous acids were invariably 
obtained, until Gay-Lussac in i8i6 succeeded in obtaining 
first one acid and then the other as the sole product of the 
admixture of the gases, and gave the correct limiting 
proportions as follows : 

Oxygen : nitric oxide ^ loo : 133. Product, nitric acid. 

Oxygen : nitric oxide — 100 : 400. Product, nitrous acid. 

Gay-Lussac in his paper “ On the Combinations of Azote 
with Oxygen ” writes : 

‘‘ I come now to the combinations of nitrous gas with 
oxygen : they seem to vary with the slightest change in 
the conditions ; but I shall prove that there are three 
distinct combinations which, by their mixing, can explain all 
those which are not in definite proportions.” 

“ When nitrous gas and oxygen are mixed, the absorption 
varies according to the diameter of the tube, the rapidity of 
mixing, and the order in which the gases are introduced 
into the tube. Wishing to work over mercury, with water 
to absorb the acid, but fearing that the mercury would be 
attacked, I added potash to the water, and thus obtained 
constant absorptions, independent of the conditions I have 
just mentioned, I made a great many experiments, and 
concluded that 100 parts of oxygen absorb 400 of nitrous 
gas : provided that the solutions of potash are strong, the 
absorptions are almost all comprised between 495 and 500, 
and are rarely below 490. This combination of oxygen 
and nitrous gas, which had not been distinguished, so far as 
I know, and which I will call provisionally pernitrous acid} 
cannot be obtained free; as soon as one saturates the 
potash with an acid, nitrous gas is liberated, and ordinary 

*Now called nitrous acid. 
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nitrous acid ^ is produced, which remains dissolved in the 
water. Reducing the nitrous gas to its elements, one finds 
that the proportion of 100 of oxygen to 400 of nitrous gas 
reduces to : 

Nitrogen 100, 

Oxygen 150” 

{Annaks de Ckimie, 1816, 1 , 399 — 400). 

“ It remains now to consider nitric acid, and to determine 
by what proportion of oxygen and nitrous gas it should be 
represented ... I worked at first, like Dalton, in tubes of 
5 millimetres diameter, using an excess of oxygen, and 
obtained almost exactly the results that he gives, that is to 
say, an absorption of 134 to 136 parts of nitrous gas for 100 of 
oxygen ; but I found also that tubes of twice this diameter 
can be used, provided that one does not shake the water, 
and that one waits some minutes. The absorption obtained 
by Dalton being only 130, I will adopt the figure 133, 
which is also adopted by Davy, and it only remains to 
determine to what acid it belongs. The red sulphate of 
manganese,^ which I have already recommended as a re- 
agent to test when a body is saturated with oxygen, will 
fulfil our purpose admirably ; for it is at once decolorised 
by nitrous acid, but not at all by nitric acid.” 

“I began by producing an absorption of 180 parts of 
nitrous gas and 100 of oxygen, and found that the acid 
formed .... decolorised the red sulphate of manganese 
immediately. This salt was also decolorised when the 
absorption of nitrous gas was 160, 150, and even 138 ; but 
it no longer took place in the experiment in which only 134 

E iarts of nitrous gas were absorbed. It is thus proved that 
the product] is ordinary nitric acid, and that it is formed 
by the proportion of 100 of oxygen gas to 133 of nitrous gas, 
which reduces to 

Nitrogen 100, 

Oxygen 250” 

{Annaks de Chwiie, i8i6, 1 , 403 — 404). 

^ Yellow nitric acid saturated with nitric oxide. 

2 oxidising agent, probably a permanganate. 
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Composition of the oxides and acids of nitrogen. — Gay- 
Lussac had now determined the composition of the two 
acids derived from saltpetre as well as of the three gaseous 
oxides which could be prepared from it. He summarised 
his results in a table which, on substituting modern names 


different compounds, reads as follows : 



Nitrogen. 

Oxygen. 

Nitrous oxide 

100 

50 

Nitric oxide 

... 100 

100 

Nitrous acid 

100 

150 

Nitrogen peroxide... 

100 

200 

Nitric acid 

100 

250 


This table, the sequence of which was anticipated in a 
remarkable way by Scheele in 1777, affords an exception- 
ally good illustration of the laws of chemical combination, 
the proportions of oxygen in the five compounds being in 
the ratios i : 2 : 3 : 4 : 5. 


Summary and Supplement 
A. Nitrogen. 

Cavendish, in 1781, found nitric acid in the water obtained 
by exploding hydrogen with an excess of oxygen and concluded 
that it had been produced by oxidation of atmospheric azote. 
In 1784, by sparking over potash a mixture of three parts 
of air with five parts of oxygen, he succeeded in absorbing 
almost the whole of the gas and obtained 1*4 grains of nitre. 
By sparking with an excess of oxygen, which was afterwards 
absorbed by liver of sulphur, he oxidised the whole of the 
azote except about the azote therefore consists almost 

entirely of a gas from which nitre can be prepared and to 
which Chaptal in 1790 gave the name nitrogen ; the residue was 
shown by Rayleigh and Ramsay in 1895 to contain an inactive 
gas which they called argon. 
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The oxidation of nitrogen in presence of potash may be 
reprcbcnted by the equations ; 

2N2 H- 5O2 + 4KOH 4KNO3 + 2H2O 

(Potassium 

nitrate.) 

2N2 + 30. + 4KOH 4 k:no 2 + 2H2O 

(Potassium 

nitrite.) 

The fact that a part of the nitre produced in this way was 
“ phlogisticated,” i.c, in the “reduced” form as nitrite, was 
noticed by Cavendish. 


B. Oxides of Nitrogen. 

Davy, in 1800, determined the composition by weight of 
the three gases which Priestley prepared from nitric acid, 
as follows : 

Oxygen : Nitrogen. 

“Diminished nitrous air (Nitrous 


oxide, N.jO) 

37 

: 63 

“Nitrous air” (Nitric oxide, NO) 

56-5 

: 43*5 

Brown fumes (Nitrogen peroxide, 



NO2 or N2O4) 

70 

: 30 


In the case of the two colourless oxides, he burned charcoal 
in the gas and measured the quantities of nitrogen and 
of carbonic anhydride which were produced. These are as 
follows : 

Nitrous oxide 2N20 + C->2N2 + C02 (containing Go, \ vol.) 

I voL I vol. i voL 

Nitric oxide 2NO + C-->N.2 +CO> (containing O2, ^ tW.), 

I vol, I voL I vol, 

whence we have as the composition by volume : 

Nitrous oxide. Nitrogen : oxygen ~\ : ^ 

Nitric oxide. Nitrogen : oxygen 

The composition of the brown gas was determined, but not 
very accurately, by mixing known quantities of nitric oxide and 
oxygen. 
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Oay-Lussac, in 1807, determined more accurately the compo- 
sition of nitric oxide (which does not readily part with its oxygen) 
by burning metallic potassium in it : 

2NO4- 4K*>N2 + 2K20. 

I voL I voL 

In j8i6, he determined the composition of nitrogen peroxide 
by measuring the contraction produced on adding oxygen to a 
known volume of nitric oxide, and conversely. He found that 
the same contraction (192 volumes) was produced by adding 
nitric oxide to 100 volumes of oxygen, or oxygen to 204 volumes 
of nitric oxide. Oxygen and nitric oxide therefore combined in 
the ratio of 100 volumes of oxygen to 204 volumes of nitric oxide, 
or very nearly one volume of oxygen to two of nitric oxide. As 
two volumes of nitric oxide contained one volume of nitrogen 
and one volume of oxygen, the composition of the product was 
as follows : 

Nitrogen peroxide. Nitric oxide : oxygen — 2 : i 
Nitrogcfi : oxygen : 2. 

The combination of the two gases may be represented by the 
equation : 

2NO -f O2 N2O4 or 2NO2. 

2 vols. I voL I voL 2 vols. 

At low temperatures the product consists mainly of the 
colourless oxide N2O4, and the volume is reduced, as Gay- 
Lussac found, almost to one-third. Above 1 50“ it consists 
entirely of the brown oxide NO2, and occupies two-thirds of the 
original volume. 

R. W. Gray, in 1905 {Trans. Chem. Soc., 1905, 87, 1601-1620), 
heated nickel in nitric oxide, and by using modern methods 
was able to weigh both the nitrogen and the oxygen present in 
a known weight of nitric oxide. The flask A (Fig. 40) 
was provided with a glass stopper, B, leading through 
a stopcock to a capillary ground-glass joint, D. A small 
platinum boat, H, containing finely-divided nickel was sur- 
rounded by a coil of platinum wire, which could be heated to 
any desired temperature by an electric current, supplied through 
the stout platinum electrodes, EE. The bulb M, containing 
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charcoal, and provided with a stopcock, could be connected with 
the bulb A, through the capillary ground-glass joints at K and D. 
Air could be pumped out or nitric oxide admitted through the 
stopcock P. 

The bulb A was weighed (i) empty, and (2) filled with nitric 
oxide. After burning the nickel in the boat H, the nitrogen 
left in the bulb A was transferred to the bulb M by opening the 



Nitric Oxioii. 

two stopcocks (after pumping out the air between K and D) and 
then cooling the charcoal in M by liquid air. The whole of the 
nitrogen was thus condensed on the charcoal and a vacuum was 
produced in the rest of the apparatus. A third weighing of the 
bulb A gave the weight of oxygen which had been taken by the 
nickel from the nitric oxide ; the increase in the weight of 
the bulb M gave the weight of the nitrogen that had been set 
free, thus : 

2NO + 2Ni Ng + 2NiO. 

In a typical experiment, 

0-62103 gram nitric oxide gave “t^gcn, 

whence 14*013 grams of nitrogen combine with 16 grams of 
oxygen to form 30*013 grams nitric oxide. 

C. Nitric and Nitrous Acids. 

The existence of two “ acids of nitre,” one strong and the 
other weak, was recognised by Priestley, Scheele, Cavendish, 
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and Lav(3isier. The strong acid from which saltpetre is 
derived was distinguished in 1787 as niiric acid and its salts 
as nitrates ; the weak acid, present in ignited saltpetre, was 
distinguished as nitrons acid and its salts as nitrites ; the name 
nitrous acid was, however, also applied to nitrogen peroxide 
and to the red fuming variety of nitric acid. Typical formuhe 
are as follows : 

/Nitric acid, HN 03/ /Saltpetre (potassium nitrate), KNO^O 
/Nitrous acid, HNO2J (Ignited „ ( „ nitrite), KNO2/ 

/ Silver nitrate, AgN03 (soluble in water)/ 

(Silver nitrite, AgNO^ (sparingly soluble)/ 

Lavoisier, in 1776, attempted to analyse strong nitric acid 
with the help of mercury, as in the case of sulphuric acid (p. 168). 
He also synthesised a weak acid by mixing nitric oxide and 
oxygen over water. Cavendish, in 1781, showed that the latter 
process gives both the ordinary (nitric) and the phlogisticated 
(nitrous) acid. ' 

Gay-Lussac, in i8i6, finally determined the composition of 
the two acids by mixing nitric oxide and oxygen : {a) over potash, 
producing a pure nitrite ; ib) in a narrow tube over water, pro- 
ducing pure nitric acid. 

The action is shown by the following ecpiations : 

{ii) 4N0 + 0.2 + 4 K 0 H-^ 4 KN 02 + 2H20. 

I voL (Potassium 

nitrite.) 

{b) 4 N 04-302 + 2H.,0->4HN03. 

4 voh. 3 vols. (Nitric acid.) 

Since nitric oxide contains half its volume of nitrogen and 
half its volume of oxygen, the four volumes of nitric oxide 
shown in each of the above equations contain two volumes of 
nitrogen and two volumes of oxygen ; the anhydrides of the 
two acids therefore have the following composition : 

Nitrous acid Niiric oxide : oxy^^en — ^ : i 
Nii 7 ‘ogen : oxygen — ^ : 3 
Nitric oxide : oxygen --4:3 
Nitrogen : oxygen — 2 : 5. 


Nitric acid 
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The composition by volume of the whole series of oxides 
investigated by Gay-Lussac is as follows : 


Nitrous oxide 

N,0 

N 

itroffen 

100 

Oxygen 

50 

Nitric oxide 

NO 


100 

100 

Nitrous anhydride 

N4O0 or 

N,03 

100 

150 

Nitrogen peroxide 

N.,04 or 

N02 

100 

200 

Nitric anhydride 

N2O5 


100 

250 


P 



CHAPTER XI 

MURIATIC ACID AND CHLORINE 

A. The Discovery of Chlorine 

Scheele’s investigation of pyrolusite (1771-1774). — 

During the years from 1771 to 1774 Scheele was occupied, 
at the request of Bergman, in the investigation of a Swedish 
mineral to which the name of Brunsten ” or “ Manganese” ^ 
was given. This mineral is now generally known as 
pyrolusite, whilst the name manganese has been trans- 
ferred to the metal which it contains. 7 "his mineral was a 
black powder which resembled the metallic calces in appear- 
ance, but differed from them in being insoluble in dilute 
oil of vitriol and in nitric acid ; it dissolved, however, in 
presence of various inflammable substances, such as sugar 
and gum, and had the curious quality of dissolving in the 
weak acids (sulphurous and nitrous acids) which are pro- 
duced by reducing or “ phlogisticating ” oil of vitriol and 
nitric acid. The mineral could also be rendered soluble by 
baking it with oil of vitriol, when a gas was given off identi- 
cal in its properties with the “fire air,” or oxygen, which 
Scheele had prepared by heating nitre. 

Pyrolusite was thus shown to have the properties of a calx 
combined with oxygen. Such compounds of a calx with 

^ “On Manganese, Manganesiuin, or Magnesia Vitrariorum,” 
Scheele’s tr. 1786, repr. 1901, pp. 52-104. 
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oxygen are now generally described as peroxides ; thus 
pyrolusite is sometimes called peroxide of manganese, but 
is more often distinguished by its colour as black oxide of 
manganese. The composition of pyrolusite as a compound 
of a calx or earth with oxygen is very similar to that of chalk 
as a compound of lime with fixed air. But whilst the fixed 
air contained in chalk is set free even by the weakest acids, 
the oxygen of pyrolusite is only driven off by heating 
strongly with oil of vitriol. Another method of separating 
oxygen from pyrolusite was described in 1785 by Berthollet 
(A.C.R. XIII. 16), who heated the mineral (compare the 
burning of chalk to lime) and thus extracted from it a large 
quantity of vital air ; in this process the pyrolusite lost an 
eighth of its weight.” 

Scheele’s discovery of chlorine (1774). — The behaviour of 
“ manganese ” towards spirit of salt differed from its behav- 
iour with other acids, in that the mineral dissolved in the 
cold acid without the addition of any reducing agent to 
take away the oxygen. In the cold solution, as Scheele 
pointed out, “ the manganese has here attached itself so 
loosely to the acid that water can precipitate it, and this 
precipitate behaves like ordinary manganese.” But when 
the mixture was warmed, a pungent gas was liberated, and a 
colourless solution was obtained, similar to those produced 
by other acids with the help of a reducing agent. Scheele 
describes his discovery of the new gas as follows : 

“ One ounce of pure spirit of salt was poured on half an 
ounce of finely-ground manganese. After this mixture had 
stood one hour in the cold, the acid had assumed a dark 
brown colour. Part of this solution was poured into a 
bottle, which was left open in a warm place. The solution 
gave off a smell like warm aqua regis, and after a quarter of 
an hour it was clear and colourless as water, and the smell 
was gone.” 


p 2 
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“The remainder of the brown mixture was set to digest, 
in order to see whether the marine ^ acid would saturate 
itself with manganese. As soon as the mixture became warm, 
its smell of aqua regis became considerably augmented, and 
an effervescence also arose, which continued until the 
following day, when the acid was found to be saturated. On 
the residue which it had been unable to dissolve, there was 
again poured one ounce of spirit of salt, whereupon all the 
above-mentioned phenomena occurred, and the manganese 
became completely dissolved, except a little siliceous 
earth.” 

“ In order clearly to apprehend this novelty I took a 
retort containing a mixture of manganese and spirit of salt 
In front of the neck I bound a bladder emptied of air, and 
set the retort in hot sand. The bladder became distended 
by the effervescence in the retort. When the acid no longer 
effervesced, w^hich was an indication of its .saturation, I 
removed the bladder, and found that this air had coloured 
it yellow, as if by aqua fortis, but did not contain any trace 
of fixed air ; it had, however, a quite characteristically 
suffocating smell, which was most oppressive to the lungs. 
It resembled the smell of warm aqua regis. The solution 
in the retort was clear, inclining to yellow, which last-men- 
tioned colour was caused by its containing iron” (A.C.R. 
XIII. 5-7). 

The gas which ocheele had thus prepared, he regarded as 
“marine acid, deprived of phlogiston,” and called it “ de- 
phlogisticated marine acid,” but when the theory of phlogiston 
was overthrown, Davy gave to it the name chlorine (Greek 
xA.(i>po 9 greenish-yellow) on account of its characteristic colour. 
Although this name was not introduced until i8io, it is used, 
on account of its simplicity and convenience, throughout 
the chapter in place of the cumbrous and misleading names 
given to it during the intervening period. 

The properties of chlorine. — In addition to describing 
its suffocating smell and yellow colour, Scheele states that 

^ Marine acid = muriatic acid, the acid derived from brine. 
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the gas “ unites with water in very small quantity ; and gives 
to water a slightly acid taste ; but as soon as it comes in 
contact with a combustible matter it becomes again a proper 
marine acid.” As usually prepared it contained a certain 
quantity of acid vapour, but this could be got rid of by 
collecting it in wet bottles ; the acid was then dissolved by 
the water, whilst the greater part of the chlorine remained 
as a gas, into which various substances could be plunged. 
The following properties were noticed : 

“ The corks in the bottles became yellow, as from aqua 
fortis.” 

Blue litmus paper became almost white ; all vegetable 
flowers — red, blue, and yellow — became white in a short time; 
the same thing also occurred with green plants. In the 
meantime the water in the bottle became changed to a weak 
and pure marine acid. The former colours of these flowers, 
as well as those of the green plants, could not be restored 
either by alkalis or by acids.” 

“ Iron filings were put into the same bottle and they 
dissolved. This solution was evaporated to dryness and 
distilled with an addition of oil of vitriol, when a pure 
marine acid, which did not dissolve gold, again passed 
over.” 

‘‘All metals were attacked, and with gold it is noteworthy 
that its solution in this dephlogisticated marine acid forms 
with volatile alkali a fulminating gold.” ^ 

“ Insects immediately died in the vapours ; and fire was 
immediately extinguished by them ” (A.C.R. XIII. 8-9). 

Berthollet (1785) regards chlorine as an oxygen com- 
pound. — Chlorine was next investigated by the French 
chemist Berthollet {Mem. Acad. Sci., 1785, 276-295 ; A.C.R. 
XIII. 11-31), who made a special study of the properties 
of CH LOR INK-WATER. This was prepared by passing the 
gas through a series of bottles ; the first bottle, empty and 
cold, served to condense and remove the acid vapours ; 

1 See Chapter XII. 
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three others almost filled with water were used to dissolve 
the gas. By surrounding the bottles with ice, Berthollet 
obtained yellow crystals which he considered to be the 
solidified gas (A.CR. XIII. 13-14) ; these have since been 
shown to be a compound of the gas with water. 

Berthollet found that solutions of chlorine in water were 
decomposed by exposure to light, oxygen being liberated 
and muriatic acid reproduced. .Scheele had regarded 
chlorine as muriatic acid which had lost one of its 
constituents,^’ namely, phlogiston ; he would therefore have 
interpreted this experiment as a decomposition in which 
water was robbed of its phlogiston by the chlorine, whilst 
the oxygen which it contained was set free. This view may 
be expressed by the equation : 

Chlorine + water muriatic acid + oxygen. 

(Hydrogen + oxygen.) (Chlorine + hydrogen. ) 

Berthollet preferred, however, to regard the change as a 
simple decomposition of chlorine into muriatic acid and 
oxygen : 

Chlorine muriatic acid + oxygen 

(Muriatic acid+oxygen.) 


The fundamen’-al weakness of Berthollet’s theory lay in 
the fact that chlorine i/se/f could not be decomposed into 
muriatic acid and oxygen even by the most drastic treat- 
ment. This was in direct contradiction to his own view 
that in chlorine 

the vital air ... . adheres so feebly to the marine acid 
that the action of light suffices to disengage it promptly” 
(A.CR. XIII. 20). 

Berthollet shows that chlorine is not an acid. — Another 
difficulty in regarding chlorine as a compound of muriatic 
acid with oxygen arose when Berthollet himself discovered 
that chlorine was not an acid. He points out that ‘‘ Scheele 
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and Bergman were unable to recognise this essential quality, 
as in the process which they employed the water of the 
vessels in which they received the gas'^ was contaminated 
with “ a portion of marine acid which always passed over in 
the distillation.” In BertholleUs apparatus this acid was 
‘‘ retained in the first bottle,” which was left empty and 
surrounded with ice or cold water; if by chance any acid 
passed forward it was absorbed in the first of the three bottles 
of chlorine-water (A.C.R. XIII. 15). 

Chlorine-water purified in this way was found to have the 
following properties : 

“ It has a harsh taste which does not resemble that of the 
acids.” 

“It destroyed vegetable colours .... without any red 
tint becoming apparent.” 

“ It does not cause an effervescence with solution of fixed 
alkali, even when the latter is saturated with fixed air” 
(A.C.R. XIII. 14). 

The fact that chlorine was not an acid was in direct 
contradiction to Lavoisier’s conception of oxygen as the 
acid-producer. Lavoisier had concluded that muriatic acid, 
like carbonic, nitric, sulphuric, and phosphoric acids, must 
be a compound of oxygen ; if chlorine contained more 
oxygen than muriatic acid it should have been a stronger 
acid ; actually it was not an acid at all. 

This difficulty was realised by the French chemists who 
drew up the new system of chemical nomenclature in 1787 ; 
in proposing to describe chlorine as an “ oxygenated muri- 
atic acid ” they say of muriatic acid that “ it is an acid of a 
particular nature, because it imbibes an excess of oxygen, 
and because in this state its acidity seems rather to decrease 
than to augment ” {^Chemical Nomenclature^ p. 33). 

Gay-Lussac and Thenard (1809) prove that muriatic acid 
gas contains hydrogen. — That muriatic acid gas (i) con- 
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tains hydrogen and (2) is the sole product of the combina- 
tion of hydrogen with chlorine was proved by the French 
chemists Gay-Lussac and Thenard in 1809. The presence of 
hydrogen was shown by the fact that this gas was liberated 
freely when the muriatic gas was acted upon by metals.^ 
Thus they write : 

“ VVe have also examined the action of the metal of potash 
on muriatic gas. At the ordinary temperature this action 
is very slow ; but as soon as the metal is fused there is com- 
bustion with disengagement of light, and there result muriate 
of potash and hydrogen gas.” 

“The quantity of hydrogen collected in this experiment is 
precisely the same as that which the metal would give in 
contact with water, 

“ We passed a current of muriatic gas over well-cleaned 
iron turnings at a dull red heat. Much hydrogen gas was 
disengaged, without sensible admixture of muriatic gas ; 
much muriate of iron was at the same time obtained ; the 
residual turnings were not oxidised” (A.C.R. XIII. 34 and 

38)- 

Hydrogen, combined with oxygen in the form of water, was 
also collected “by passing muriatic acid gas at a moderate 
heat over litharge which had been fused and then reduced 
to coarse powder.” 

Muriatic acid gas a compound of hydrogen and 
chlorine. — Gay-Lussac and Thenard observed further that 
equal volumes of hydrogen and chlorine combined together 
to form muriatic gas (a) by keeping the mixture for several 
days, (d) by gently heating it, {c) by exposure to light. 
They found 

“ that a mixture, in equal parts, of [chlorine] gas and hydro- 
gen gas changes, in the course of several days, into ordinary 
muriatic gas, and that no water is deposited.” 

“ If a mixture of equal parts of these two gases is made 
and a small piece of iron heated in mercury to 150“ intro- 

^ These were now generally recognised as elementary substances. 
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duced, there is a violent inflammation, and formation of 
muriatic acid.” 

“ We made two mixtures, each consisting of about | litre 
of [chlorine] gas with the same volume of hydrogen gas, 
which we knew acted only slowly on one another ; one of 
them we placed in complete darkness, and exposed the 
other to the light of the sun, which was that day very 
feeble. At the end of several days the first mixture was 
still coloured green, and appeared to have undergone no 
change; the second, on the contrary, had been completely 
decolorised in less than a quarter of an hour, and was almost 
entirely decomposed.” 

“ Being no longer able, after these experiments, to doubt 
as to the influence of light on the combination of the two 
gases, and judging from the rapidity with which it had 
operated, that if the light had been much more vivid it 
w'ould have operated much more quickly, we made new 
mixtures .... and placed them in complete darkness, 
awaiting some moments of bright light. Two days after 
having made the mixtures, we w^ere able to expose them to 
the sun. Scarcely had they been exposed when they 
suddenly inflamed with a very loud detonation, and the 
jars were reduced to splinters, and projected to a great 
distance. Fortunately we had provided against such 
occurrences, and had taken precautions to secure ourselves 
against accidents” (A.C. R. XIII. 38, 41, 43), 

These experiments proved conclusively that muriatic gas 
was a compound of hydrogen and chlorine, and was, in fact, 
the only substance produced by the combination of these 
gases. The composition of the gas must therefore be 
represented by the equation : 

Chlorine + hydrogen muriatic gas, 

instead of 

Chlorine - oxygen muriatic gas. 


This view is expressed in the modern system of nomen- 
clature, in which muriatic acid gas is described as hydrogen 
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CHLORIDE and its solution in water as hydrochloric acid,^ 
the muriates derived from the acid being described as 
chlorides.^ 


B. Chlorine an Element. 

Gay-Lussac and Thenard regard chlorine as the oxide 
of an imaginary radical. — The French chemists were so 
obsessed with the idea that all acids must contain oxygen, 
that they refused to abandon this view, even when chlorine 
had been proved to be a simpler substance than muriatic 
acid. Thus, instead of admitting that chlorine might be an 
element, they regarded it as the oxide of an unknown 
radical, analogous with nitrogen, carbon, sulphur, or phos- 
phorus. Muriatic acid, formed by the union of chlorine 
with hydrogen, was regarded as a ternary compound of this 
radical with hydrogen and oxygen, or perhaps with water. 
According to this new view : 

Chlorine = X -f- oxygen. 

Muriatic acid = cldorine -f hydrogen 

= X + oxygen + hydrogen. 

It will be seen that this theory merely substituted for 
chlorine the symbol (X -i- oxygen), where X was an imaginary 
radical which had never been isolated. To prove the 
correctness of their theory, it was necessary for Gay- 
Lussac and Thenard to extract oxygen from chlorine, or 
water from muriatic acid, without making use of substances 
in which oxygen was already present. The experiment of 
passing muriatic gas over litharge was obviously invalid (as 
Davy pointed out in i8io), since the formation of water 

' The name “hydrochloric acid ”was proposed by Gay-Lussac in 
1814 {Amt, d, Chimie^ 1814, 91 , 9). The term “chloride” was intro- 
duced by Davy in 1816 { Works^ V. 516), as a substitute for the 
word “chlorure” suggested by Gay-Lussac. 
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could be accounted for by the combination of the hydrogen 
of the acid with the oxygen of the litharge, quite independ- 
ently of the existence of any oxygen in chlorine. 

The difficulty of decomposing chlorine. Chlorine as an 
agent for purifying charcoal. — Gay-Lussac and Thenard 
made many attempts to separate oxygen from chlorine and 
thus to set free its other hypothetical constituent. But all 
their efforts were unsuccessful, since neither the metals, nor 
phosphorus, nor any of the well-known absorbents of oxygen 
were capable of separating oxygen from the gas. 

‘‘Finally, as a last method, we tried to decompose 
[chlorine] by charcoal ignited at the extreme heat of the 
forge. 'To avoid the presence of the smallest quantity of 
water, we made the gas pass slowly through a large glass 
tube a metre and a half in length, filled with muriate of 
lime. This tube communicated with a porcelain tube in 
which the charcoal was exposed to a red heat. The first 
portions of the .... gas were completely converted into 
ordinary muriatic gas. This effect diminished gradually in 
spite of a very great elevation of temperature, and soon the 
gas passed without alteration, mixed only, towards the end 
of the experiment, with one thirty-third of an inflammable 
gas, which we believe to be carbonic oxide gas. This result 
clearly showed us that [chlorine] is not decomposed by char- 
coal, and that the muriatic gas which we had obtained at 
the commencement of the operation was due to the hydro- 
gen of the charcoal. ... In fact, on taking ordinary char- 
coal without igniting it, muriatic gas w^as disengaged during 
a lengthened period, even at a temperature only slightly 
elevated. . . . According as the charcoal lost its hydrogen, 
however, the quantity of muriatic acid went on diminishing, 
and finally nothing w’as obtained but [chlorine]” (A.C.R. 
XIII. 39-40). 

In this passage Gay-Lussac and Thenard disclose incident- 
ally a very efficient method of purifying charcoal. The 
charcoal whicli Stas used in determining the composition of 
carbonic anhydride (p. 149) was purified by heating it 
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in a current of chlorine, and the same method is still in 
general use. 

A striking contrast was observed on comparing the effect 
of heat alone on dry and on moist chlorine. The dry gas 
resisted all attempts to decompose it, but the introduction 
of moisture was followed by the immediate production of 
oxygen and muriatic acid. In this experiment chlorine 
“alone or mixed with the vapour of boiling water” was 
introduced “into a porcelain tube exposed to a red heat. 
In the first case the gas did not suffer any alteration ; but 
as soon as the vapour of water was introduced, oxygen gas 
and muriatic acid were obtained. It is not necessary for 
this decomposition that the temperature should be very 
high, as it still takes place below a red heat.” When 
hydrogen was used in place of water the formation of 
muriatic acid took place even more readily “ at a tempera- 
ture only a little higher than that of boiling water” (A.C.R. 
XIIL 41). 

At the conclusion of their experiments Gay-Lussac and 
Thenard were obliged to admit that since chlorine “ is not 
decomposed by cliarcoal ... it might be supposed . . . 
that this gas is a simple body,” and agreed that “ the pheno- 
mena which it presents can be explained well enough on this 
hypothesis ” (A.C.R. XIII. 48). J 3 ut they were not 
prepared to abandon the view that it contained oxygen and 
preferred to regard it still as a compound. It was therefore 
left for Davy to adopt and to advocate the view that 
chlorine was a simple or elementary substance, and finally 
to win general recognition for a conception that gave the 
death-blow to Lavoisier’s oxygen theory of acids. 

Davy (1810) regards chlorine as an element. — At the 
time when Gay-Lussac and Thenard were making their 
experiments on chlorine, Davy was engaged in similar 
researches on this gas. During the early part of 1810, the 
failure of all attempts to decompose chlorine, even by the 
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action of charcoal heated to whiteness by a Voltaic battery, 
led him : 

“ to doubt of the existence of oxygen in that substance, 
which has been supposed to contain it above all others in a 
loose and active state ; and to make a more rigorous invest- 
igation than had been hitherto attempted for its detection 
(A.C.R. IX. 23). 

He repeated the experiments of Ga^^-Lussac and Thenard 
on the combination of hydrogen and chlorine, and con- 
firmed their observation that the product was muriatic acid 
gas free from any other substance except perhaps a mere 
trace of water. 

But he could not discover any evidence of the presence 
of oxygen in muriatic acid gas or in chlorine, and at the 
close of the year he expressed his belief : 

“ that the body improperly called in the modern nomen- 
clature of chemistry, oxy muriatic acid gas hdis not as yet been 
decompounded ; but that it is a peculiar substance, 
elementary as far as our knowledge extends, and analogous 
in many of its properties to oxygen gas.^' 

“ To call a body, which is not known to contain oxygen, 
and which cannot contain muriatic acid, oxymuriatic acid, 
is contrary to the principles of that nomenclature in which 
it is adopted.” 

“ After consulting some of the most eminent chemical 
philosophers in this country, it has been judged most proper 
to suggest a name founded upon one of its obvious and 
characteristic properties — its colour— and to call it chlorine 
or Chloric gas.” 

“ Should it hereafter be discovered to be a compound, 
and even to contain oxygen, this name can imply no error, 
and cannot necessarily require a change” (A.C.R. IX. 
40, 59 )- 

Elements and compounds. — The controversy as to the 
elementary nature of chlorine ^vas of value in fixing clearly 
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the conception of an element. The four elements of 
Aristotle : 

earih^ air^ fire^ and watery 
and the three principles of the alchemists : 

mercuryy sulphury and salty 

served rather to describe the qualities than the actual com- 
position of the bodies in which their presence was implied. 
T'he first conception of an element as a substance which 
cannot be decomposed into simpler substances was given 
by Boyle. But no clearer statements of this view can be 
found in the whole of the literature of chemistry than those 
made by Davy in his controversy with the French chemists, and 
afterwards with Berzelius. Two of these may be quoted : 

“ Some authors continue to write and speak with scept- 
icism on the subject, and demand stronger evidence of 
chlorine being undecompounded. These evidences it is 
impossible to give. It has resisted all attempts at decom- 
position. In this respect it agrees with gold, and silver, and 
hydrogen, and oxygen. Persons may doubt whether these 
are elementary bodies ; but it is not philosophical to doubt 
whether they have not been resolved into other forms of 
matter’’ (A.C.R. IX. 73). 

“ It is possible that oxymuriatic gas may be compound, 
and that this body and oxygen may contain some common 
principle ; but at present we have no more right to say that 
oxymuriatic gas contains oxygen than to say that tin contains 
hydrogen ; • . . and till a body is decompounded, it should 
be considered as simple” (A.C.R. IX. footnote, p. 61). 

Davy (1810) determines the composition by volume of 
hydrogen chloride.-— Until the year 1810 muriatic acid gas 
was regarded either as a simple substance (Berthollet) or as a 
compound of the unknown muriatic radical with one-third or 
one-fourth of its weight of water (Davy ; Gay Lussac ; A.C.R. 
XIII. 49). 1 In that year, however, Davy, having proved it 

^ Berzelius {Chemical Proportions^ 1819, 125) assumed that 442*65 
parts of chlorine contained 142*65 parts of the muriatic radical and 3CX) 
parts of oxygen. 
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to be a binary compound of two simple gases, hydrogen and 
chlorine, succeeded also in establishing its composition by 
volume. Davy states that Cruikshank had shown that 
chlorine and hydrogen, when mixed in equal proportions, 
gave a product almost entirely condensible by water ; Gay- 
Lussac and Thenard showed that the product was muriatic 
acid, but did not make any measurements of volume. 
These could not be made in the ordinary way either over 
water (which dissolved the acid gas) or over mercury (which 
was acted on by chlorine). In Davy’s experiments the two 
gases “ were mixed in equal volumes over water, and intro- 
duced into an exhausted vessel and fired by the electric 
spark.” As the gases were moist, there w^as always a 
deposition of a slight vapour, and a condensation of from 
one-tenth to one-twentieth of the volume ; but tlie gas 
remaining was muriatic acid gas.” The contraction was 
reduced when the gases w^ere dried, “ by introducing them 
into vessels containing muriate of lime, and by suffering 
them to combine at common temperatures.” Although 
Davy was never “ able to avoid a slight condensation,” he 
found that “ in proportion as the gases were free from 
oxygen or water, this condensation diminished.” It was 
tlierefore reasonable to suppose that the pure gases would 
unite in equal volumes without contraction (A.C.R. IX. 26). 

Davy also mixed together equal volumes of chlorine and 
sulphuretted hydrogen, both dried : “ in this instance the 
contraction was not ; sulphur .... was formed on the 
side of the vessel, but no vapour was deposited. The 
residual gas contained about of muriatic acid ga.s, and 
the remainder was inflammable ” (A.C.R. IX. 26) 

These experiments proved that hydrogen and chlorine 
combine together in equal volumes and without any marked 
contraction, as shown by the equation : 

Hydrogen -f- chlorine hydrogen chloride. 

I voL I voL 2 vols. 
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In the case of sulphuretted hydrogen, which was known 
to contain its own volume of hydrogen, the changes of 
volume were similar : 

Sulphuretted + chlorine hydrogen chloride + sulphur, 
hydrogen 

I voL I vol. 2 vols. solid 

Davy showed further that hydrogen chloride liberates half 
its volume of hydrogen when the chlorine which it contains 
is absorbed by a metal. 'Thus in : 

“ the decomposition of muriatic acid gas, by heated tin 
and zinc, hydrogen equal to about half its volume was 
disengaged, and metallic muriates the same as those pro- 
duced by the combustion of tin and zinc in [chlorine] 
resulted” (A.CR. IX. 28). 

“ With potassium, in experiments made over very dry 
mercury, the quantity of hydrogen is always from 9 to ii, 
the volume of the muriatic acid gas used being 20 ” 
(A.CR. IX. 27). 

“ When mercury is made to act upon i in volume of 
muriatic acid gas, by Voltaic electricity, all the acid 
disappears, calomel is formed, and about 0*5 of hydrogen 
evolved ” (A.CR. IX. 27). 

This decompv sition of the gas by sparking in presence of 
mercury was discovered by Priestley {Experiments on Air^ 
1775, II. 239) and studied in detail by Henry in 1800 
{Phil, Trans. 1800, 191). It is of special interest as an 
example of a reversible change. Usually the action 
proceeds as shown by the upper arrow in the equation : 

Hydrogen + chlorine hydrogen chloride. 

But chlorine acts upon mercury so strongly that a very 
slight decomposition of the hydrogen chloride, as shown by 
the lower arrow, is sufficient to corrode the mercury and 
ultimately to remove the whole of the chlorine from the gas, 
leaving a residue of pure hydrogen The compound formed 
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by the action of chlorine on an excess of mercury is an 
insoluble white powder known as calomel. It contains 
more mercury and less chlorine than the corrosive 
SUBLIMATE which is formed when the chlorine is in excess. 

Compounds of chlorine with the metals. — Davy’s view that 
chlorine was an element involved also a new conception as 
to the nature of the muriates, or chlorides. Most of the 
salts that had been investigated contained a fixed, earthy 
BASK, usually a metallic oxide, in combination with a volatile 
ACID, usually the oxide of a non-metal such as carbon, 
nitrogen, sulphur or phosphorus. These salts were, there- 
fore, BINARY COMPOUNDS of the tWO OxidcS or TERNARY 
COMPOUNDS of metal, non-metal and oxygen, thus : 


CHALK 


SULPHATE OF 
COPPER 


( LIME 
[ FIXED AIR 


( COPPER OXIDE 
[ SULPHURIC ANHYDRIDE == 


{ 

( 

{ 

{ 


METAL 

OXYGEN 

CARBON 

COPPER 

OXYGEN 

SULPHUR 


The muriates on the other hand, as Scheele had observed, 
were formed by the direct combination of chlorine with the 
metals. 

In order to maintain the analogy with the sulphates, 
phosphates, etc., the French chemists assumed a further 
sub-division of the chlorine, thus : 


MURIATE 
OF LEAD 


{ 


LEAD = 
CHLORINE = 


LEAD 

OXYGEN 

UNKNOWN MURIATIC RADICAL 


Davy showed that this view was not justified by any 
experimental evidence. He suggested, as a more reason- 
able hypothesis, that chlorine “ may possibly belong to the 
same class of bodies as oxygen ” (A.C.R. IX. 33), and that 

Q 



226 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


the compounds of chlorine with lead, silver, mercury, 
potassium and sodium might “ be considered as a class of 
bodies related more to the oxides ” than to the ordinary 
salts (A.C.R. IX. 34).’^ Gay-Lussac recognised a still 
closer analogy between chlorine and sulphur, and between 
the chlorides and sulphides. According to these views a 
true analogy is supplied by comparing the muriates or 
chlorides with binary compounds, such as : 


LITHARGE (oXIDE OF LEAD) 

GALENA (sulphide OF LEAD) 
and not with ternary compounds, such as ; 


f LEAD 
\0XYGEN 
( LEAD 
\SULPHUR 


SULPHATE OF LEAD = 


( LITHARGE = 

SULPHURIC ANHYDRIDE = 


LEAD 

OXYGEN 

SULPHUR 


Displacement of sulphur and oxygen by chlorine.— The 

analogy between chlorine, sulphur, and oxygen is shown by 
the readiness with which these elements can be interchanged 
in their compounds with the metals. Thus Scheele, in his 
first description of chlorine, stated that by contact with the 
gas “ cinnabar became white on the surface, and when the 
piece was washed in water a pure sublimate solution was 
obtained, but the sulphur was not altered” (A.C.R. XIII. 
9). This action may be represented by the equation : 

Cinnabar + chlorine corrosive sublimate + sulphur 

(Mercury +■ (Mercury+chlorine) 

sulphur) 

A similar process has been used on a large scale for con- 
verting sulphide ores of zinc, lead, and silver into chlorides. 

The conversion of oxides into chlorides was described 
by Davy, who thus obtained a direct proof of the presence 
of oxygen in the earths. Davy found that : 

“When baryta, strontia, or lime, is heated in [chlorine] to 
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redness, a body precisely the same as a dry muriate is 
formed, and oxygen is expelled from the earth. I have 
never been able to effect so complete a decomposition of 
these earths by [chlorine], as to ascertain the quantity of 
oxygen produced from a given quantity of earth. But in 
three experiments made with great care I found that one of 
oxygen was evolved for every two in volume of [chlorine] 
gas absorbed” (A.C.R. IX. 47). 

The displacement of oxygen by chlorine is effected even 
more easily by the action of muriatic acid gas or hydrogen 
chloride. This gas being a hydride, t,e. a compound of 
hydrogen with another element, interacts with metallic 
oxides to form muriates or chlorides and ivaier^ thus : 

LITHARGE + MURIATIC ACID GAS -> MURIATE OF LEAD + WATER 
( Lead + ( Hydroe;cn + ( Lead + chlor- ( Hydrc^en + 

oxygen) chlorine) ine) oxygen) 

Under similar conditions an acidic oxide, such as fixed 
air or sulphuric anhydride, unites with the metallic oxide to 
form a ternary salt and nothing else. 

Berthollet (1788) prepares chlorate of potash. — 
Although the muriates, like the sulphides, w^re found to be 
binary compounds containing no oxygen, oxidised muriates 
(ternary compounds analogous with the sulphates) were 
discovered at an early date. The most important of these, 
now known as chlorate of potash or potassium chlorate, 
was first prepared in a pure state by Berthollet in 1788, by 
passing chlorine gas into hot aqueous potash. {Journ. de 
Physique^ 1788, 33 , 217-224). After crystallising out a 
great deal of muriate of potash (potassium chloride) the new 
salt was obtained in hexagonal plates with a lustre like 
mica. These did not taste like muriate of potash, but 
produced in the mouth “ ti feeling of freshness closely 
resembling that of nitre.” The salt detonated with char- 
coal ; after the detonation nothing was left but ordinary 
muriate of potash; the salt was therefore an “oxygenated 

Q 2 
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muriate of potash.^’ On heating it, oxygen was liberated 
more easily and in much larger quantity than from nitre ; 
loo grains of salt gave 75 cubic inches or nearly 37 grains 
of oxygen ; the salt could therefore be used very conveni- 
ently for the preparation of oxygen and has been employed 
for that purpose ever since. On account of the readiness 
with which its oxygen was set free and the brilliancy of its 
detonation with charcoal, Berthollet predicted that ‘‘the 
powder which I propose to prepare with this salt, will have 
remarkable properties”; the experiment was carried out 
shortly afterwards but produced a disastrous and fatal 
explosion. The acid from which the oxidised muriate is 
derived was prepared by Gay-Lussac in 1814 {Ann, de 
Chwiie, 1814, 91, 107-110). He described the acid {ibid. 
p. 9) as CHLORIC ACID, and its salts chlorates. 

Berthollet (1788) prepares bleaching solutions, contain- 
ing alkaline hypochlorites. — By passing chlorine into a 
cold aqueous solution of a mild or caustic alkali, Berthollet 
obtained a liquid which possessed all the bleaching qualities 
of chlorine-water, and decomposed slow'ly (like chlorine- 
water exposed to sunlight) with liberation of oxygen gas. 
When the liquid was heated, these properties disappeared 
and nothing was ^eft but the chloride and chlorate. The 
bleaching properties are due to the presence of a salt 
(derived from an unstable hypochlorous acid), which 
contains less oxygen than the chlorate and is distinguished 
as a hypochlorite. Hypochlorite solutions were used by 
Berthollet as a convenient source of chlorine in the 
experiments in which he laid the foundations of the 
bleaching industry {Ann. de Chimie^ 1789, 2, 1 51-190). 

Tennant (1799) prepares bleaching powder. — A some- 
what similar compound, prepared by the direct union of 
chlorine with lime, and widely known as bleaching 
POWDER, was introduced by the English chemist Tennant in 
1799 as a substitute for hypochlorite of potash or soda. 
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Summary and Supplement 
A. The Discovery of Chlorine 

Scheele, in 1774, described the properties of the mineral 
** manganese,” now known as pyrolusiie or black oxide of 
7 nanganese, Mn02. It is insoluble in dilute nitric or sulphuric 
acid, but liberates oxygen and is converted into a sulphate by 
baking with oil of vitriol. 

MnOa+H.SO^ MnS04 + H.O 

(Manganese (Manganous 

dioxide.) sulphate.) 

It also liberates oxygen when heated (Berthollet, 1785), giving 
rise to an oxide analogous with smithy scale, ^'0304. 

3 M nO^-^ M n 

It dissolves in cold muriatic acid to a dark solution, which 
contains an unstable manganic salt and from which the black 
oxide can be recovered by dilution ; this reversible action may 
perhaps be represented by the equation : — 

Mn02 4-4HCl^MnCl4 + 2H20, 

but no chloride of the formula MnCl4 has yet been isolated. 
When the liquid is heated, a pungent, green gas escapes, to 
which Davy, in 1810, gave the name chlorijic. 

Mn02-h4HCl->MnCl2 + CL + 2H20. 

(Manganous (Chlor- 
chloride.) ine) 

The gas bleaches coloured flowers, extinguishes flame, and 
unites directly with nearly all metals, thus : — 

Lead Pb + Cl..->PbCl2. 

(Lead 

chloride.) 

Iron 2Fe-l-3Cl2~> 2FeCl3. 

(Ferric 

chloride.) 

Gold 2Au + 3Cl2-> 2 AUCI3. 

(Auric 

chloride) 

Berthollet, in 1785, collected chlorine-water free from muri- 
atic acid and showed that the gas is not an acid. From the 
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solutions he froze out chlorine hydrate^ CI2 + 8H2O. He found 
that chlorine water was decomposed by light, liberating oxygen 
and reproducing muriatic acid ; he therefore regarded chlorine 
as a compound of oxygen with muriatic acid and called it 
“oxymuriatic gas.” The action is really a decomposition of 
water by chlorine : 

Cl2 + H20z::!:2HCl + i02; 

the action is reversible, as shown by the double arrows, since 
muriatic acid exposed to air and light becomes impregnated 
with chlorine. 

Gay-Lussac and Thenard, in 1809, proved that muriatic gas 
was a compound of hydrogen with chlorine, a fact that is 
expressed by the modern name hydrogen chloride^ HCl, for the 
gas and hydrochloric acid for the solution. They separated the 
hydrogen from it by the action of metals, thus : 

Potassium 2 K + 2 H Cl“> 2 KCl + H2 

(Potassium 

chloride.) 

Iron Fe + 2HCl->FeCl2-f H2 

(Ferrous 

chloride.) 

It should be noted that the ferrous chloride^ FeCl2, produced in 
this way contains less chlorine than ihe ferric chloride^ FeCl3, 
produced by the direct action of chlorine upon iron. 

Hydrogen, in the form of water, was also separated from 
muriatic gas and litharge : 

2HCI + PbO PbClg + HgO 

(Hydrogen (Litharge.) (Lead (Water.) 
chloride.) chloride.) 

They united hydrogen and chlorine to form hydrogen chloride : 
{a) slowly by keeping in diffused daylight ; {b) rapidly by heat- 
ing ; {c) with a violent explosion by exposure to bright sunlight. 
Although they could not extract oxygen from chlorine even by 
red-hot charcoal, they contended that chlorine gas was the oxide 
of an unknown radicle and that muriatic gas was a ternary 
compound of this radical with oxygen and hydrogen, thus : 

Chlorine = X + oxygen 

Muriatic gas — X -f oxygen + hydrogen. 
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B. Chlorine an Element. 

Davy, in 1810, being quite unable to separate oxygen from 
chlorine, suggested that the gas was an element and gave to it 
the name chlorine. He determined the volumetric composition of 
hydrogen chloride, which is formed without change of volume 
when chlorine acts upon hydrogen or upon sulphuretted 
hydrogen. 

H2 + CI2 2HCI 

I voL I ttol. 2 voh. 

H2S -f CI2 2HCI + s 

I voL I vol. 2 voh. solid. 


He showed that half its volume of hydrogen is liberated when 
the hydrogen chloride is acted on by metals, thus : 

Tin Sn -b 2HCI SnCl2 + Hg. 

2 z'ols. (Stannous 1 vol. 

chloride.) 


Zinc Zn 4- 2HCI 

2 vols. 

Potassium 2K -f 2HCI 

2 voh. 


— > ZnCl2 + H 2 . 

(Zinc chloride.) i vol. 

2KCI + H2. 

(Potassium i vol. 
chloride.) 


Mercury aHg-f 2HCI ^ HggClg -b H2. 

(By .sparking.) 2 voh. (Calomel.) 1 vol. 


It should be noted that the stannous chloride.^ SnClg, 
prepared in this way contains less chlorine than the stannic 
chloride^ SnCl4, prepared by the action of chlorine on tin and 
that calomel or mercurous chloride., Hg.^Cla, contains a smaller 
proportion of chlorine than the corrosive sublimate or mercuric 
chloride., HgCl2, prepared by the .action of chlorine on mercury 
or its sulphide. In the case of zinc and potassium the products 
are identical with those obtained by the action of chlorine on 
the metal. 

All these chlorides arc binary compounds of metal and 
chlorine analogous with the sulphides and oxides, rather than 
with ternary salts such as the sulphates and carbonates. This 
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analogy is illustrated by the mutual displacement of chlorine, 
sulphur and oxygen, for instance : 

HgS + CL HgCla -f S. 

(Cinnabar.) (Corrosive 

sublimate.) 

CaO + CI2 CaCl2 “h ^^2' 

(Lime.) (Muriate of 

lime.) 

Berthollet, by the action of chlorine on potash, prepared 
ternary salts, containing metal, chlorine and oxygen ; 

2KOH + CI2 KCl + KCIO + H2O. 

(Potassium 

hypochlorite.) 

6KOH 4 - 3CI2 ^ 5KCI + KCIO3 f 3H2O. 

(Potas-sium 

chlorate.) 

The potassium hypochlorite prepared from cold potash liberates 
chlorine when acted on by acids, and was used as a convenient 
source of chlorine for bleaching ; but it was soon displaced by 
the bleaching powder which Tennant prepared by the direct 
action of chlorine on slaked lime : 

Ca(OH)2 + CI2 = CaOClg + H.2O. 

The potassium chlorate^ which Berthollet prepared by 
the action of chlorine on hot potash, is a crystalline salt, is 
readily decomposed by heat and forms a convenient source for 
the preparation of small quantities of oxygen ; 

2KC103'-^2K.C1 -f~ 3^2* 



CHAPTER XII 

THE HALOGENS. 

A. Fluorine. 

Fluorine, — In 1813 and 1814 Davy published two papers 
on “ Fluor Spar ” and the “ Fluoric Compounds ( Works^ 
V. 408—424, 425—436). In these he recognised the 
existence of an element, resembling chlorine, which he 
proposed to call fluorine. The origin of these fluoric 
compounds is described in his “ Elements of Chemical 
Philosophy’’ (1812), as follows: 

“There is a substance found abundantly in nature called 
FLUOR SPAR ; it is usually either blue, green, yellow, or 
white, transparent, and crystallised in cubes. It is a common 
product of the mines in Derbyshire. 

“ When this substance, in fine powder, is mixed with oil 
of vitriol and distilled in retorts of silver or lead, connected 
with receivers of the same metal artificially cooled, an 
intensely active fluid is produced. It has the appearance 
of sulphuric acid, but is much more volatile, and sends off 
white fumes when exposed to air. It must be examined 
with great caution, for when applied to the skin it instantly 
disorganises it, and produces very painful wounds. When 
potassium is introduced into it, it acts with intense energy 
upon it, and produces hydrogen gas and a neutral salt : when 
lime is made to act upon it, there is a violent heat produced, 
water is given off, and the same substance as fluor spar is 
produced. When it is dropped into water a hissing noise is 

233 
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produced with much heat, and an acid fluid not disagreeable 
to the taste is formed if the water be in sufficient quantity. 
It instantly corrodes and dissolves glass ” {Works, IV. 
347—348). 

Hydrofluoric acid. — The acid vapour prepared by the 
action of oil of vitriol on fluor spar had been known since 
1 720 as an agent for etching glass. The liquid acid was dis- 
covered in 1771 by Scheele pp. r-51), who called 

it “fluor acid but it was first obtained in a pure form in 1809 



Fig. 41.— Twinned Cubes of Fluor .Spar. 
IJriiish Museum (Natural History). 


by Gay-Lussac and Thenard, who distilled the acid in metal 
vessels in order to avoid contamination by glass. Davy at 
first regarded the liquid acid as a compound of water with an 
anhydrous oxy-acid, strictly analogous with sulphuric acid. 
But, after recognising chlorine as an element, he ‘‘was 
forcibly struck by the analogy” between the chlorine 
compounds and those prepared from fluor spar. After 
many fruitless attempts to isolate oxygen from them, Davy 
concluded : 
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“ That there exists in the fluoric compounds a peculiar 
substance, possessed of strong attractions for metallic 
bodies and hydrogen, . . . and which, in consequence of 
its strong afflnities and high decomposing agencies, it will 
be very difficult to examine in a pure form, and, for the 
sake of avoiding circumlocution, it may be denominated 
FLUORINE, a name suggested to me by M. Ampere 
( Works y V. 423). 

Davy concluded further that : 

“ Fluor spar and other analogous substances, . . . must 
be regarded as binary compounds of metals and fluorine ” 
( Works, V. 424), and 

“That the pure liquid fluoric acid consists of hydrogen 
united to a substance, which, from its strong powers of 
combination, has not as yet been procured in a separate 
form, but which is detached from hydrogen by metals” 
( Works, V. 425). 

This acid, composed of hydrogen and fluorine, is now 
known as hydrofluoric acidA Davy made many attempts 
to decompose the acid by the electric current, but did not 
succeed in isolating fluorine. The element was, however, 
prepared by this method by Moissan in 1886. 

B. Iodine. 

Iodine discovered by Courtois (1811). — The view that 
chlorine was an element was greatly strengthened by the 
isolation, in 18 ri {/Iisf. Acad. Set., 1813, p. cxxiv), of a 
substance which resembled chlorine in its properties, and 
like chlorine could not be decomposed into simpler con- 
stituents. 

^ This name was first suggested by Davy {Works, IV. 350) in 1812 
to express the view that the liquid was a hydrated oxy-acid, but was 
abandoned by him in the following year in favour of the older name 
“ fluoric acid.” It was introduced agftin by Gay-Lussac, in 1814, to 
express the fact that the acid contained, not water as Davy had suggested, 
but hydrogen. 
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Davy, writing in 1814, says : 

“ This substance was accidentally discovered about two 
years ago by M. Courtois, a manufacturer of saltpetre at 
Paris. In his process for procuring soda from the ashes of 
sea-weeds, he found the metallic vessels much corroded ; and 
in searching for the cause of this effect, he made the dis- 
covery. The substance is procured from the ashes after the 
extraction of the carbonate of soda, with great facility, and 
merely by the action of sulphuric acid : — when the acid is 
concentrated, so as to produce much heat, the substance 
appears as a vapour of a beautiful violet colour, which 
condenses in crystals having the colour and the lustre of 
plumbago ” (“ On a New Substance which becomes a 
violet-coloured Gas by Heat,” Davy’s Wo 7 ‘ks, V. 437). 

The properties of iodine. — The new substance which 
Courtois had discovered was described by Desormes and 
Clement, at a meeting of the Paris Academy of Sciences on 
November 29, 1813. Their paper was not published in 
the Memoirs of the Institute, but a summary was given in 
the Afinaks de Chimie under Courtois’s name. The 
properties of iodine are there described as follows : 

“The new substance, which has been called iodhie ox\ 
account of the beautiful violet colour of its vapour, has the 
appearance of a metal. Its specific gravity is about 
four times that of water. It is very volatile; its odour is 
analogous to that of [chlorine] ; it imparts a red brown stain 
to paper and to the hands, but this disappears after a short 
time ; it is neither acid nor alkaline ; on putting it into a 
retort and heating, it vaporises at a very gentle heat, about 
75“ C. It boils under water and produces a magnificent 
violet vapour; when sublimed in considerable quantity, 
large, brilliant plates are produced, but these are not 
massive ; it is little soluble in water, more in alcohol and 
much in ether. 

A red heat does not change the nature of iodine ; it 
traverses a red-hot porcelairj tube without alteration. 

It is the same with iodine vapour in oxygen ; it is not 
changed at all by a red heat. The violet vapour escapes 
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from the action of the oxygen as if it were alone, and the 
whole of the iodine is found again in the vessels in which 
it is condensed” {Ann. de Chhfiie.^ 1813, 88 , 305-306). 

Iodine examined by Gay-Iussac and by Davy (1813- 
1814). Iodine an element. — At the request of Clement, 
iodine was examined more completely by Gay-Lussac ^ and 
by Davy,^ between whom a strong and healthy rivalry had 
arisen. 

The two chemists agreed in regarding iodine as an 
element. Thus Davy writes : 

“The new substance, I find, is not decomposed when 
voltaic sparks are taken in it in its gaseous state from 
ignited points of charcoal : at first there are white fumes, 
probably from the action of moisture or hydrogen in char- 
coal, on the substance ; but these fumes soon cease, and 
when the tube in which the experiment is made is cooled, 
the substance appears unaltered. 

“ From all the facts that have been stated there is every 
reason to consider this new substance as an iiftdecompounded 
body. In its specific gravity, lustre, . . . and colour, it 
resembles the metals ; but in all its chemical agencies it is 
more analogous to oxygen and chlorine ” (Davy’s Works ^ 
V. 452—453). 

The new element had been described in France as “ ione ” 
or “ iode ” (Greek, twSvys, violet) Davy proposed to 
describe it in English as iodine as this “ name will be 
more analogous to chlorine and fluorine ” (Davy’s Works, 
V. 454—455). 

^ Davy’s first paper was sent from Paris on December 10, 1813. 
His “Further Experiments and Observations on Iodine” {Works, V. 
457-477) were dated from Florence on March 23, 1814, whilst a third 
paper, “On a Solid Compound of Iodine and Oxygen” {Works, V, 
492-502), was dated from Rome, February 10, 1815. Oay-Lussac read 
two memoirs to the Paris Academy of Sciences on Decemt)er 6 and 
December 20, 1813 ; his completed “ Researches on Iodine” were read 
on August I, 1814 {Annales de Chimie, 1814, 91 , 5-96; Ostwald’s 
Klassiker, No, IV). 
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Gay-Lussac expressed his opinion as follows : — 

“ Iodine is not inflammable ; it cannot even be combined 
directly with oxygen. I consider it as a simple substance, 
and I place it ... . between sulphur and chlorine, because 
it has stronger affinities than the former, and weaker than the 
latter’’ {Ann, de Chimic^ 1814, 91 , 8 ; Klassikcr, IV. 5). 

The iodides. — Iodine combines directly with a large 
number of metals, forming compounds which Davy de- 
scribes as IODIDES. Thus Clement, describing the dis- 
covery of Courtois, writes : — 

“ With metallic mercury it forms in the cold, by shaking, 
a beautiful red powder resembling vermilion. 

Iodine readily attacks, in the cold, iron, zinc, tin, and 
antimony. . . . These compounds are soluble in water. 
Those with lead and silver are not soluble ; the former is of 
a beautiful yellow colour” {Ann. de Chimie^ 1813, 88 , 
308—309). 

Davy found that it formed a salt-like substance by com 
bination with the metal potassium : — 

I heated some potassium in a little glass tube, and 
passed some of the substance in vapour over it ; at the 
moment the vapour came in contact with the potassium, 
there was an inflammation and the potassium burnt slowly 
with a pale blue light. The substance formed by the action 
of potassium was white, fusible at a red heat, and soluble 
in water. It had a peculiar acrid taste ” (Davy’s Works,, 
V. 441). 

Iodine combined with chlorine to form a yellow solid, 
volatile by heat. Although it did not combine directly with 
oxygen, a solid oxide was prepared by Davy in 1815 

“ The compound of oxygen and iodine appears as a white 
semi-transparent solid ; it has no smell, but a strong 
astringent sour taste. . . . When strongly heated it decom- 
poses, undergoing fusion at the moment, and is entirely 
converted into gaseous matter and iodine, leaving no 
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residuum whatever. . . . The gas formed is found to be 
pure oxygen, and the solid sublimate produced is pure 
iodine ” ( Davy’s Works^ V. 494). 

Clement also records {Ann. de Chimie^ 1813, 88 , 509) 
the formation by the action of ammonia on iodine of an 
explosive black powder, which Gay-Lussac {Ann. de Chimie, 
1814, 91 , 29 ; Klassiker^ IV. 15) recognised as an iodide 
of nitrogen. 

Hydriodic acid. — Desormes and Clement found that 
iodine (like chlorine) is capable of uniting directly with 
hydrogen to form an acid : — 

“ Iodine is not acted on by passing it over red hot 
charcoal; but hydrogen effects a complete change in the 
appearance of this substance. 

“ If a mixture of hydrogen with dry or moist iodine 
vapour is passed through the red-hot tube, the violet colour 
disappears, scarcely any trace of it can be seen, and a 
colourless gas is collected, of which one part is promptly 
absorbed by water and the other part is pure hydrogen. 

“ 'The water in which the soluble gas was collected was 
very acid ; it acquired a red colour and became perceptibly 
warm^’ {Ann. de Chimie^ 1813, 88, 306 — 307). 

This experiment was repeated by Gay-Lussac, who made 
the further discovery, that 

“ Hydriodic acid gas is partially decomposed at a red 
heat ; the decomposition is complete if it is mixed with 
oxygen ; water is formed, and iodine reappears. On the 
other hand, I have found that on passing water and iodine 
vapour through a porcelain tube at a red heat, there was no 
decomposition. There is here a great difference between 
iodine and chlorine, for the latter removes hydrogen from 
oxygen ; but there is also a resemblance between sulphur 
and iodine, since oxygen removes the hydrogen from both ” 
{A 7 in. de Chimii\ 1814, 91 , 18). 

The partial decomposition of hydriodic acid by heat is 
an excellent example of a balanced action — 

hydriodic acid hydrogen + iodine. 
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In presence of oxygen the action proceeds to completion — 
oxygen + hydriodic acid water + iodine. 

This complete decomposition of the acid is directly contrary 
to the main course of the action which Berthollet had 
discovered in chlorine water exposed to sunlight — 

oxygen + hydrochloric acid water + chlorine. 

The properties of hydriodic acid. — Gay-Lussac found that 
hydriodic acid was prepared more readily by combining iodine 
with phosphorus and decomposing the iodide with water. 
In this action water is decomposed ; the oxygen unites with 
phosphorus to form phosphorous acid, whilst the hydrogen 
unites with iodine to form hydriodic acid. Gay-Lussac 
made a careful study of the acid and records its properties 
as follows : — 

“ Hydriodic gas decomposes as soon as it comes into 
contact with mercury ; the surface of the metal becomes 
covered with a yellow-green substance, which is the iodide 
of mercury, and if the contact is sufficiently prolonged, or if 
it is shaken, the hydriodic acid is promptly decomposed ; 
the iodine combines completely with the metal, and there 
remains a volume of hydrogen gas which is exactly 
the half of that of the hydriodic gas. I passed the gas over 
zinc and potassium, and the product was always hydrogen 
and an iodide. 1 hus, according to this analysis . . . there 
can remain no doubt as to the nature of hydriodic gas. 

This gas is colourless ; its odour resembles that of hydro- 
chloric gas ; its taste is very acid ; it contains half its volume 
of hydrogen, and saturates its own volume of ammonia. 
Chlorine removes its hydrogen instantly ; a beautiful violet 
vapour is produced, and hydrochloric gas is formed ” {Ann. 
de Chitnie^ 1814 , 91, 14 — 15). 

C. Bromine. 

Balard (1826) discovers bromine. — In a memoir “On a 
peculiar substance contained in sea- water {An7i. Chitn. 
Phys.y 1826, 32, 337), Balard, a young French chemist, 
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described the dis{'ovcry of a new incmber of the group of 
halogens : 

“ I have observed several times tiiat, on treating with 
chlorine-water the extract of the iodine-containing ashes of 
seaweed, after having added a solution of starch, there 
appears not only a blue zone due to iodine, but above this 
a zone of bright yellow.” 

“ This orange-yellow colour was shown also when I 
treated the mother-liquor of sea-salt in the same way. . . . 
The appearance of this hue was accompanied by a strong, 
peculiar smell.” 

“ The saline mother-liquor, treated thus with chlorine, 
loses its colour and its characteristic smell by exposure 
to air during one or two days” {loc. at. p. 337). 

“The yellow saline liquor, submitted to distillation, 
liberated, during the first moments of boiling, thick, red 
vapours which condensed on cooling to a liquid, which 
retained most of the properties of the coloured li(|uor ; but 
these properties were much more pronoujiced.” 

“In order to obtain this substance in a pure state, . . . 
I passed the red va[)ours over calcium chloride. They 
condensed in a small receiver, in volatile, deep-red drops, 
filling the little vessel in which they were contained with 
vapours comparable in colour witli nitrous vapour ” {Joe, cit. 

pp- 338-339)- 

The aqueous liipiid was decolorised by the action of 
alkalis, and by reducing agents such as zinc and sulphuric 
acid, sulphurous acid, hydrogen sulphide, and ammonia, 
but the colour could be restored by the addition of more 
chlorine, 'fhe {)roperties of the substance suggested that it 
might be a new chloride of iodine, but it gave none of the 
usual tests for this element, and could not be decomposed, 
even by the electric arc. It appeared, indeed, to be an 
element, closely resembling chlorine and iodine, forming 
a series of analogous compounds, but clearly to be dis- 
tinguished from these elements both in its physical properties 
and in its chemical actions. 

R 
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On account of its odour the new clement was described 
at, p. 341) as BROMINE (Greek, a stink). 

Liebig fails to recognise bromine as an element.— The 
German chemist Liebig (1803-1873), in a candid piece of 
autobiography, wrote in 1838: — 

“ I know a chemist who, while at Kreuznach, many years 
ago, undertook an investigation of the mother-liquor from 
the salt-works He found iodine in it ; he observed, 
moreover, that the iodide of starch turned of a fiery yellow 
by standing overnight. The phenomenon struck him ; he 
procured a large quantity of the mother-li(}uor, saturated it 
with chlorine, and obtained by distillation a considerable 
amount of a liquor colouring starch yellow, and possessing 
the external properties of chloride of iodine, but difiering in 
many of its reactions from the latter compound. He 
explained, however, every discrepancy most satisfactorily to 
himself; he contrived for himself a theory on it.” 

“ Several months later he received the splendid paper 
of M. Balard, and, on the very same day, he was in a con- 
dition to publish a series of experiments on the behaviour 
of bromine with iron, platinum, and carbon, for Balard’s 
bromine stood in his laboratory, labelled liquid chloride of 
iodine. Since that time, he makes no more theories unless 
they are supported and confirmed by unequivocal experi- 
ments ; and I can positively assert that he has not fared 
badly by so doin^, ” [Ann, Chem. rhar?n,^ 1838, 25, 29-30 ; 
quoted by Hofmann, Trans, Chem, Soc.jiS^^j 28, 1098.) 

D. Cyanogen. 

Scheele (1782) prepares prussic acid from Prussian blue. 

— Prussian blue, or Berlin blue, was first described in 1710, 
as a product obtained by mixing lixivhan sangianis ^ with 
a salt of iron. Scheele, in 1782, distilled both Prussian 
blue itself and the lixiviufn from which it was made with 
vitriolic acid in a glass retort. The distillate was a watery 
liquor with a “peculiar smell and taste” [Essays^ p. 237). 

^ An extract of calcined blood containing potassium ferrocyanide 
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When re-distillcd from powdered chalk to free it from traces 
of oil of vitriol, the li(]uid appeared to be “ neither acid nor 
alkaline,” since it neither reddened paper dyed with litmus, 
nor restored the blue colour to a paper which had been 
reddened by acids. It combined with ammonia and with 
potash to form salts, but these were “ decomposed by all 
acids,” even by carbonic acid (Essays, p. 280). It formed 
salts with lime and magnesia, but was not able to liberate 
carbon dioxide from chalk. 

On account of its origin and its power of forming salts, 
the French chemists, in 1787, described the liquid as prussic 
ACID, and its salts as prussiates (Chemical Ehotncuclaiure, 
tr. 1 788, pp. 58 and 73). 

Berthollet (1787) determines the composition of prussic 
acid. — Scheele found that the vapour of prussic acid was 
inflammable, and after combustion gave a precipitate with 
lime-water (Essays, p. 285). Ammonia could also be 
separated in many ways from the prussic compounds, 
Bergman therefore thought “ that prussic acid is composed 
of carbonic acid, of volatile alkali, and of phlogiston.” 

Berthollet, in 1787 (Mem. Acad. Sci., 1787, 148-162 ; 
compare Aaa. dc Chimie, 1789, 1, 30-39), made a careful 
study of the acid, and especially of the action of chlorine 

upon it, and expressed his views as to its composition as 

follows : — 

“ I conclude from thi^^, that hydrogen and azote exist in 
prussic acid, that they are combined with charcoal, and that, 
when oxygen is added, all the principles necessary for the 

formation of carbonate of ammonia are present together ; 

but in order that they may take the form of ammonia and of 
carbonic acid, the concurrence is needed of alkali or of 
lime which tend to combine with the carbonic acid. . . .” 

“ It would seem to me then that there remains no doubt 
as to the composition of prussic acid. . . It is a compound 
of azote, of hydrogen, and of pure charcoal or carbon ” 
(loc. cit., p. 159 ; compare^//;/, de Chimie, 1789, 1 , 37 and 38). 

R 2 
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Gay-Lussac (1815) prepares and analyses anhydrous 
prussic acid. — Gay-Lussac, in iSii, {/Inn. de Chimie^ i8ti, 
77, 128) prepared anhydrous fKiissic acid by distilling its 
mercury salt with concentrated hydrochloric acid. In his 
memoir On Prussic Acid” {Ann. de Chimie, 1815, 95, 
136-231), he describes it as follows : — 

“It is a colourless, odorous li(]uid, with a taste at first 
fresh, then burning . . . and a true [)oison. Its density 
at 7“ is 07058; at 18°, 0*6969: it boils at 26*5°, and 
solidifies about 15'^ below the temj)erature of melting ice ; 
it then crystallises regularly and sometimes assumes the 
fibrous form of nitrate of ammonia. The cold which it 
produces in vaporising, even in air at 20°, is sufficient to 
freeze it. This phenomenon is easily j)roduced by })utting 
a drop at the end of a slip of paper or a tube of glass. 
Although I rectified the acid several times over powdered 
marble, it always kept the property of reddening blue litmus 
paper slightly : the red colour disappeared as the acid 
evaporated” {Ann. de Chimie^ 1^15? 95 , 145-146). 

The anhydrous acid was vaporised into oxygen and 
exploded in a Volta’s eudiometer. It gave an etjual volume 
of carbonic anhydride and half its volume of nitrogen ; one 
and a quarter volumes of oxygen were used, of which one 
volume was required to produce one volume of carbonic 
anhydride, whilst the one-quarter volume was used in burn- 
ing one-half a volume of hydrogen. 

Gay-Lussac concluded that the acid “ contained one 
volume of carbon-vapour, one-half volume of azote and 
one-half volume of hydrogen,” but no oxygen. The correct- 
ness of this analysis was proved (i) by the density of the 
gas, (2) by passing it over iron heated in a porcelain tube, 
when carbon was deposited and a gaseous mixture of equal 
volumes of hydrogen and nitrogen was set free {Ann. de 
Chimicy 1815, 95, 147-152). 

Gay-Lussac regards prussic acid as a hydracid. — After 
completing his analyses, Gay-Lussac writes : — 
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“This acid, compared with the animal substances, is 
distinguished by the great quantity of azote which it contains, 
by less hydrogen, and above all by the absence of oxygen. 
Its acidifying properties cannot depend on hydrogen, which 
has an alkaline influence, but on carbon and nitrogen. It 
must be considered as a true hydracid, in which carbon and 
nitrogen replace the chlorine in hydrochloric acid, the 
iodine in hydriodic acid and the sulphur in hydrosul])huric 
acid ^ {A?in. de Chwiic^ 1815, 95 , 155). 

Gay-Lussac regards prussic acid as a derivative of 
the “ compound radical ” cyanogen. — Gay-Lussac found 
that prussic acid, when acted on by potassium, liberated 
half its volume of hydrogen and gave a salt, just as 
hydrochloric and hydriodic acids did in similar circum- 
stances. He therefore suggested that it contained a 
COMPOUND RADICAL, CYANOGEN, which acted the part of the 
simple radicals, chlorine and iodine : 

“There is, then, a very great analogy between prussic 
acid and hydrochloric and hydriodic acids : like them, it 
contains half its volume of hydrogen, and like them it has 
a radical which combines with potassium, and forms a com- 
pound quite analogous with the chloride and iodide of 
potassium : only this radical is compound, where chlorine 
and iodine are simple.” 

“ It .seemed to me to be necessary to create a new name 
to designate the radical of prussic acid. That of cyanogen 
having seemed most suitable to the chemists of this capital, 
I have adopted it and shall use it in this memoir. Ordinary 
prussic acid will then receive the name of hydrocyajtic acid 
and the prussiates that of hydrocyanates. The compounds 
of cyanogen with simple substances, when it plays the same 
role as chlorine in the chlorides, will be designated by the 
name of cyanides^’’ {Ann, de Chifnie^ 95 , 161, and 

162-163). 

Gay-Lussac’s view of the nature of the cyanogen-compounds 
was vindicated by the discovery of cyanogen gas, which he 

^ i.e,^ sulphuretted hydrogen. Greek Kvavos, blue. 
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obtained by heating mercuric cyanide {/oc, cit, pj). 172-199). 
As one of the first examples of a “compound radical,” it 
became of dominant importance in the development of 
structural chemistry during the ensuing forty years. 


E. Hydracids and Halogens. 


Gay-Lussac (1814) abandons the oxygen-theory of 
acids. — The discovery of hydriodic acid, confirming Dave’s 
contention that muriatic acid was a simple hydride, con- 
taining no oxygen, made it necessary to abandon the 
limitations imposed by I^avoisier’s oxygen-theory of acids. 
Gay-Lussac was impressed by the fact that sulphur, chlorine, 
and iodine could form acids by combining either with 
oxygen or with hydrogen. He suggested that these com- 
pounds should be distinguished as follows : 


Oxygen- Acids 
SULPHURIC ACID 
CHLORIC ACID 
IODIC ACID 


Hydrogen- A cids 
HYDROSULPHUKIC ACID ^ 
HYDROCHLORIC ACID 
HYDRIODIC ACID. 


“ Like [sulphur and chlorine, iodine] forms two acids, the 
one by combining with oxygen, and the other by combining 
with hydrogen. . . . The compounds of chlorine, of 
iodine and of sulphur with hydrogen, which show the 
[iroperties of the acids formed by oxygen, must be included 
in the same class under the same name of acid ; but to 
distinguish them, I propose to add to the specific name of 
the acid, the generic word hydro \ so that the acid compounds 
of hydrogen with chlorine, iodine and sulphur, would bear 
the name of hydrochloric acid, hydriodic acid, and hydro- 
sulphuric acid ; and the acid compounds of oxygen with the 
same substances, would have, according to the recognised 
principles of nomenclature, the names of chloric acid, iodic 
acid, etc.” {Ann. de Chi?nie, 1814 , 91, 8-9). 


^ i.e.f sulphuretted hydrogen. 
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Gay-Lussac on Hydracids. — In a section on Acidity and 
Alkalinity, appended to his “Researches on Iodine,” Gay- 
Lussac urged, as a general proposition, that the name “ acid ” 
must be extended to include a series of acidic hydrides, 
the HYDRACiDS, in addition to the well-known oxyacids. 

“ For a long time I have regarded an acid, in the most 
general sense of the word, as merely a substance, containing 
oxygen or not, which neutralises alkalinity, and an alkali 
likewise is only a body which neutralises acidity. 

“Whatever may be the definition of acids at which one 
arrives, they must be formed into several groups, because 
they do not derive their acid character from the same 
substance. We have : 

“ I. The acids [)roperly so-called, in which oxygen may be 
considered as the acidifying principle, and which contain 
only two elements ; such as . . . sulphuric, sulphurous, 

. . . carbonic acids.^ 

“ 2. Acids formed by hydrogen and another substance : 
this group includes the hydrochloric, hydriodic, and hydro- 
sulphuric acids. It is probable that in these acids, chlorine 
iodine and sulphur are the acidifying principles ; but as 
hydrogen is present in all of them, I thought it was more 
convenient to derive their generic name from it. These 
different acids can be designated by the name of 
/tydracids^' {A /in. de Chimie^ 1814, 91 , 145, 147, 148). 

Berzelius ( 1825 ) on halogens and haloid-salts. —Gay- 
Lussac's dual classification of the acids was accepted by Ber- 
zelius. It carried with it the recognition of two types of salt.s, 
since the union of two oxides produced a te/^nary salt, whilst 
the interaction of an acidic hydride with a basic oxide gave rise 
to a binary salt a/id luater. He therefore proposed in 1825 
to describe the binary compounds as haloid salts, and 
their non-metallic components as halogens. 

^ />., sulphuric, sulphurous, and carbonic anhydrides. 

^ sulphuretted hydrogen. 

The Swedish paper was translated into French in 1826. 
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“ What we call a salt must be defined according to a 
certain electro-chemical relation and without any regard to 
the number of the constituent elements. Thus we say that 
the compound of chlorine with sodium is a salt, because 
these two substances completely neutralise the electro- 
chemical properties of one another. . . . 

According to this view, electro-negative substances may 
be divided into three classes. First : those which form 
salts by neutralising the electro-positive metals : I call these 
halogens (salt-producers) ; they are chlorine, iodine, and 
fluorine. . . 

“Salts may be divided into two classes: those which 
result from the combination of a halogen with an electro- 
positive metal, and those which arc formed by the union 
of an acid with a base : I will call the first haloid-salts^ 
and the second am phi-salts^’ (“Memoir on Sulpho-salts,” 
Ann, Chim, Fhys,^ 1826, 32 , 62 — 63 and 65). 


In the second class of salts Berzelius included not only oxy- 
salts formed from two oxides, but sulpho-salts formed from 
two sulphides, etc. The discovery of bromine in the 
following year completed the series of four halogen-elements 
(fluorine, chlorine, bromine and iodine), and added a new 
group of haloid-salts, but did not lead to any further 
theoretical develcoments. 

The hydrogen-theory of acids. — The uniformity of com- 
position, which was implied in Lavoisier’s oxygen-theory of 
acids, was destroyed by the discovery of the hydracids. It 
was restored later by a theory which regarded all acids as 
hydrogen compounds. 

The “hydrogen theory” of acids was foreshadowed, in 
1816, by Davy {IVorhs, V. 514 — 515), who regarded it as 
“ a simple statement of facts to say that liquid nitric acid is 
a compound of . . . hydrogen . . . azote and . . . oxygen,” 
and suggested that “ hydrogen in [an] acid, may be con- 
sidered as acting the part ” played by a metal in the salts 
derived from it. 
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A very clear statement was made by Auguste Laurent 
(1807 — 1853), who regarded all acids as salts of hydrogen, 
strictly analogous with the salts of silver or zinc, but 
differing from them in taste and volatility. 

After considering the general resemblance between the 
compounds of zinc and those of an element X, which turns 
out to be hydrogen, he writes : — 

“ If hydrogen had been a comparatively fixed body, and 
its oxide fixed and solid, no one would have thought of 
excluding it from the metals. . . . 

“ Dumas has even gone so far as to conceive, that if we 
('ould but condense hydrogen, it would present a metallic 
aspect.^ . . . 

“ For my part I do not see any difference between acids 
(meaning thereby the salts of hydrogen) and ordinary salts ; 
neither do I recognise any difference between these two 
kinds of bodies, and the group of oxides in general ” 
{Chemical Method^ Cavendish Society Reprints, 1854, 41). 

In Laurent’s opinion, there is a profound difference 
between the acids as salts of hydrogen and the oxides 
from which many of them are derived by the addition of 
water. 

“Having thus associated certain compounds, which 
chemists separate, I proceed now to separate certain other 
compounds which they associate. Tlie anhydrous and the 
hydrated acids are always confounded and employed, 
theoretically at least, the one for the other. Nevertheless, 
these bodies do not present any analogy ; under no circum- 
stances whatever, do they comport themselves in the same 
manner: their functions arc entirely different. Take for 
example the anhydrous sulphuric acid and the sulphate of 
hydrogen. The first does not combine with metals ; the 
second does combine with them, at the same time liberating 
hydrogen. The first unites directly with the metallic oxides ; 

^ Liquid hydrogen, which Dumas described as “ hydrogenium ” to 
indicate its metallic character, is not a metal, but resembles the 
paraffins, to which series it really belongs. 
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the second gives rise to a double decomposition. The first 
does not decompose chlorides, and even combines with 
some of them ; whereas the second decomposes them. . . . 

“ The anhydrous and the hydrated acids, then, have not 
any analogy with one another, and ought to be placed in 
two perfectly distinct classes. . . . 

“ The anliydrons and the hydrated sulphuric acid have 
this in common ; they both contain sulphur and oxygen ; 
but with regard to analogy of properties, they do not 
manifest any whatever” {Chemical Method^ 44 and 45). 

Acids and acid anhydrides. — At the close of his 
“Chemical Method” (pp. 376 — 377) Laurent describes the 
acidic oxides as anhydrides, derived from the acids 
directly or indirectly by the removal of water. Laurent’s 
views on the nature of acids wTre soon accepted ; thus, in 
1864, the following footnote was added to the third edition 
of Miller’s “ Elements of Chemistry” (Part ll. p. 4) : 

“ The term acid has been employed by chemical writers 
up to a late period, to designate indifferently either the 
anhydrous bodies formed by the union of oxygen with the 
non-metallic elements . . . (now more commonly called 
anhydrides . , . ) or the hydrated compounds [iroduced by 
the action of water upon the anhydrides, such as . . . 
oil of vitriol or sulphuric acid. To avoid this confusion, 
produced by the application of the same term to two 
substances essentially distinct, it will be convenient to follow 
the practice of many later authors, and to limit the term 
acid to those hydrated bodies which are really salts of 
hydrogen.” 

The system of nomenclature introduced by Laurent has 
persisted to the present day. The oxides of sulphur are 
dCvScribed as sulphurous anhydride and sulphuric 
ANHYDRIDE, whilst the names sulphurous acid and sul- 
phuric ACID are restricted to the hydrated acids formed 
by combining the oxides with water to form hydiogen sulphite 
and hydrogen sulphate respectively. So too the acidic oxide 
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of carbon is called carbonic anhydride nistcad of carbonic 
acid, whilst the name carbonic acid is applied to an 
unstable hydrate, hydrogen carbonate, which is produced 
when the gas is dissolved in water. 

Summary and Supplement 
A. Fluorine 

Davy in 1813-14 recognised the presence in (calcium 

fluoride, CaF 2 ) and in hydroJhto?ic acid (hydrogen fluoride, 
HF ; described l^y Schcclc in 1771 as “fluor acid”) of an 
element fliwri?te^ closely resembling chlorine. The analogy 
between hydrofluoric acid and hydrochloric acid appears in its 
physical properties, in its method of preparation : 

CaF 2 + n 2 S 04 -^ CaSO^ + 2 HF. 

(Flucir- (Hydrofluoric 

spar.) acid.) 

2NaCl + H 2 S 04 Na 2 S 04 + 2HCl. 

(Rock-salt.) (Hydrochloric 

acid.) 

and in the action of metals upon it : 

2HF-1-2K-> 2KF -f Hg, 

2HC1 + 2K->2KC1 + H2; 

but mainly in the fact that no oxygen can be extracted from 
any of the fluoric compounds. 'Fhe acid acts readily on the 
silica present in glass : 

4HF + Si02 ~ SiF4-f2H20, 

(Silica.) (Silicon 

tetrafluonde.) 

giving rise to a gas, silicon tetrafluoride, SiF 4 , which is decom- 
posed again by water, somewhat in the manner indicated by the 
lower arrow in the above equation ; the actual product of the 
decomposition by water is, however, a hydrosilicofluoric acid : 

(SiF4-f 2HF-H2SiF6) 
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formed according lo the equation ; 

2Si F4 + 2Ufi = H,Si F,, + SiO.^ + 2 H F, 

(Hyclrosilico- 
fiuoiic acid.) 

Davy attempted to isolate fluorine by passing an electric 
current through hydrofluoric acid. This method was used 
successfully by Moissan in 1886 (Ann, Chim. Phys. 1887, 
[vi], 12, 473). An electric current was passed through a 



Fig. 42.— Motssan’s Apparatus for Preparing Fluorine. 


mixture of hydrogen fluoride and potassium fluoride, con- 
tained in a platinum U-tube (Fig. 42), and cooled to 
-23° C. by the evaporation of methyl chloride. The elec- 
trodes, //, of platinum iridium alloy, were insulated from the 
U-tube by stoppers, FF, of fluorspar, the joints being made 
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air-light by leaden washers, screwed down by brass caps, E. 
Hydrogen was li Iterated at the negative and fluorine at the 
positive electrode. It is a light-yellow gas, condensing to a 
liquid at - 187"^ C., and crystallising to a pale yellow solid at 
“ 233° C. It is a very active gas, unites explosively with hydrogen, 
and at once decomposes water, forming hydrofluoric acid, 
ignites charcoal, combines vigorously with pfliosphorus, liberates 
chlorine from potassium chloride, and unites directly with 
nearly all the metals, but has no marked action on dry glass. 

Ik Iodine 

Iodine, discovered by Courtois in 1811 in the ashes of 
seaweed, resembles chlorine in its properties, and in its resist- 
ance to all efforts to effect its decomposition. It was examined 
by Clement, by Gay-Lussac, and by Davy, four memoirs on 
iodine being published within a fortnight at the close of 1813. 
The beautiful violet vapour is not decomposed by passing 
through a red-hot tube, alone or with oxygen, nor by the action 
of white-hot charcoal. But it unites directly with the metals to 
form fusible iodides. It also unites with sulphur and phos- 
phorus ; with chlorine it forms a solid yellow chloride ICl. It 
unites directly at a red heat with hydrogen to form gaseous 
hydroi^en iodide or hydi iodic acid., but this action is reversible 
as the acid is decomposed partially by the same treatment : 

(Hydrogen 

iodide.) 

Hydriodic acid is prepared more easily by the action of water 
on iodide of phosphorus : 

2PI3-P6H20 2H3PO3 + 6HI, 

(Phosphorous (Hydriodic 
acid.) acid.) 

or by the action of sulphuretted hydrogen on iodine suspended 
in water : 

. SH^-f lo-^ S-f2HI. 

The gas is intensely soluble in water, giving rise to a fuming 
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acid. It is decomposed by metals, liberating half its volume of 
hydrogen, c.g. ; 

2Hg-h2HI Hg2r2+H2. 

(Mercurous 

iodide.) 


With ammonia, iodine interacts to form an explosive black 
compound, nitroge 7 i iodide^ NILjjNI-j. With potash it gives a 
mixture of pcdassium iodide and poiassiuiti iodaie (compare the 
preparation of potassium chlorate) : 

3I24-6KOH 5KH-KIO3+3H2O 

(Potass- (Potass- 
ium ium 
iodide.) iodate.) 


When this mixture is acidified iodine is reproduced, 

+ 3I2+3H2O, 

(Ilydriodic (Iodic 
acid.) acid.) 


but iodic acid^ H IO3, can be prepared by the action of sulphuric 
acid on barium iodate, 

Ba(I03)2+H2S04 -> BaS04 + 2HI03 
or by dissolving iodine in nitric acid : 

3l2+ioIlN03^ 611103+ 10NO4-2H2O ; 

when dried at 200"^ iodic acid loses water and is converted into 
iodic anhydride^ 1 2^6- ^ stable periodic acid^ 11104,21120, and 

a very unstable hypoiodous acid^ HIO, are also known. 

C. Bromine. 

Bromine, discovered by Balard in 1826, is a volatile red- 
brown liquid, intermediate in many of its properties between 
chlorine and iodine, but less ready than these elements to 
combine with oxygen. 

D. Cyanogen 

Scheele (1782), by the action of oil of vitriol on Prussian blue, 
obtained a volatile acid, weaker than carbonic acid, to which the 
French chemists in 1787 gave the name pnissic acid. He 
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showed that it was inflammable and gave carbon dioxide when 
burnt. 

Berthollet (1787), by acting on prussic acid successively with 
chlorine and an alkali, oxidised prussic acid to carbonic acid and 
ammonia, and concluded that it was a compound of hydrogen, 
carbon, and nitrogen. The action is expressed by the following 
equations ; 

HCN + Cl, CNCl + HCl 

(prussic (Cyanogen 

acid ) cliloiide.) 

CNCl-f KOH-f-Hp-^CO.+ NH;, + KCl. 

Gay-Lussac (1811), by distilling the mercury salt of the acid 
with hydrochloric acid, obtained anhydrous prussic acid as a 
liquid boiling at 26'5'^C. and freezing at -15" C. In 1815, he 
exploded the vapour with oxygen and found that it gave i voL 
carbonic anhydride, and | voL nitrogen, and that an additional 
I ifoL of oxygen was used to l^urn h voL of hydrogen to water. 
The actual figures for 100 vols. of vapour were : 

Contraction .. ... ... 78’5 vols. 

Contraction by potash ... ... = loi'ovols. 

Nitrogen .. ... ... ... — 46'o vols. 

Oxygen used ... ... ... about 125 vols. 

'I'hese numbers agree approximately with those required by 

the equation : 

4HCN -f 5O2 4CO2 + 2N2 + 2H2O Cont 7 \u'tion 

4 vols, 5 vols, 4 Z'ols, 2 vols, liquid — 3 vols, 

Gay-Lussac was struck by the analogy of prussic acid with 
hydrochloric and hydriodic acids and suggested that it contained 
a “compound radical” cyano^n^cn which acted the part of the 
simple radicals chlorine and iodine. Prussic acid was therefore 
called hydrocyanic acid and its salts became known cis cya 7 ndes. 
Typical formulae are : 

Hydrocyanic acid (compare HCl), HCN 
Pota.ssium cyanide (.sol, like KCl), KCN 
Silver cyanide (in.«:ol. like AgCl), AgCN 
Mercuric cyanide (compare HgCIs), HgC2N2. 

These formulae are often written, HCy, KCy, AgCy, HgCy2, 
to bring out their close analogy with HCl, KCl, AgCl, HgCl2, 
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the symbol Cy being used as an abbreviation for the cyan- 
ogen radical CN. Gay-Lussac prepared cyanogen gas by 
heating mercuric cyanide : 

HgaNo^Hg-hCaN^. 

E. Hvdracids and Halogens 

Iodine was recognised as an element both by Davy and 
by Gay-Lussac ; its acid hydride was therefore a binary 
compound, containing no oxygen. Gay*Lilssac (1814) pro- 
posed to divide the acids into two groups, namely : — 

(1) \\\^ oxy-acids (SOg, SO3, CO2, etc.), and 

(2) the hydro-acids^ including in the latter group hydrochloric 
acid (HCl), hy dr iodic acid (HI), and hydrosnlphuric acid 
(sulphuretted hydrogen, H2S) ; hydrofluoric acid (HF) and 
hydrocyanic acid (prussic acid, HCN) were soon added to the 
second group of acids. 

Berzelius (1825) recognised the existence of two correspond- 
ing series of salts, namely : — 

(1) amphi-saltSy which were ternary compounds, formed by 
the union of an acidic and a basic oxide, sulphide or selenide, and 

(2) haloid-salts [eg. common salt, NaCI), which were 
binary compounds of a metal with a halogcfiy fluorine, chlorine,^ 
iodine, etc. 

Laurent (i 85 ^\ following Davy (1816), regarded all acids 
as salts of hydrogen ; sulphuric acid was then hydroge?i 
sulphatCy H2SO4, whilst the oxide (SO3) which had been 
regarded previously as sulphuric acid was now called sulphimc 
anhydride ; so, too, carbonic acid was H2CO3 (compare Na.jCOg) 
whilst the oxide (CO2) was called carbonic a?iliydride. 

^ Bromine was not discovered until the following year. 



CHAPTER XIII 

THE DECOMPOSITION OF THE ALKALIS 

A The Composition of Ammonia 

Alkalis regarded as elements. — At the time when 
Priestley succeeded in collecting “acid air'' and “alkaline 
air" over mercury as permanently-elastic gases, there was 
no reason for supposing that either of these gases was other 
than a simple substance. The fixed alkalis were also still 
undecornposed and were generally thought to be simple, or 
elementary, substances.^ Thus Higgins, in a treatise, “ On 
Bleaching," published in 1799 (P- writes: 

“ Pure pot-ash, according to our present knowledge of 
chemistry, is a simple elementary substance." 

The first alkali to be decomposed was the volatile alkali 
which Priestley called “Alkaline air,” and Bergman 
“ Ammonia." The decomposition was effected almost 
simultaneously by Priestley himself and by Scheele, 
Bergman's illustrious pupil. ^ 

Priestley (1775) decomposes “alkaline air." — Priestley, 
in 1773, found that “alkaline air" was inflammable. In 

^ Lavoisier, however, suspected that they might be compound (see 
below, p. 280). 

2 <‘It was well observed to me by a near relation of Bergman that 
the greatest of Bergman's discoveries was the discovery of Scheele ” 
(Thomas Beddoes, 1786). 


2S7 


S 



258 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 

1775 discovered further that it vvas decomposed by 
electric sparks, increasing largely in volume, and was thus 
converted into an inflammable gas which was insoluble in 
water. 

“ I dipped a lighted candle into a tall cylindrical vessel, 
filled with alkaline air, when it went out three or four times 
successively ; but at each time the flame was considerably 
enlarged, by the addition of another flame, of a pale yellow 
colour ; and at the last time this light flame descended 
from the top of the vessel to the bottom. At another time, 
upon presenting a lighted candle to the mouth of the same 
vessel, filled with the same kind of air, the yellowish flame 
ascended two inches higher than the flame of the candle. 
The electric spark taken in alkaline air is red, as it is in 
common inflammable air” (Priestley, Experiments on Air, 

1. 175)- 

I took the electric explosion in a small quantity of 
alkaline air, in the same manner as in the two preceding 
experiments, and observed that every stroke added consid- 
erably to the quantity of air ; and when water was admitted 
to it, just as much remained unabsorbed as had been added 
by the explosions. I then took about an hundred explosions 
of the same jar, in a larger quantity of alkaline air ; after 
which, so much of it remained unabsorbed by water, that I 
could examine h with the greatest certainty. It neither 
affected common air, nor was affected by nitrous air, and 
was as strongly inflammable as any air that I had ever 
produced ” {Experiments 07 t Air, II. 239-240). 

Scheele (1774) oxidises ammonia by means of “man- 
ganese.” — The inflammable nature of ammonia was also 
recognised by Scheele in his essay “ On Manganese ”(’1774). 
It has been shown in a preceding chapter (p. 210) that this 
mineral dissolves in dilute acids only in presence of reducing 
or deoxidising agents, substances “ rich in phlogiston,” as 
Scheele described them. Amongst these substances was 
the volatile alkali ammonia, the salts of which were able to 
dissolve the mineral when acids alone failed to act upon it. 
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The ammonia was, therefore, a “ phlogisticated ” or 
combustible substance. 

Scheele also collected the non-inflammable constituent of 
ammonia, and showed that it was an inert gas resembling 
“ phlogisticated air ” or azote. 

“ If finely powdered manganese be exposed with pure 
[nitric] acid, and some volatile alkali, to digestion 
for several weeks, you will observe a great number of air 
bubbles rise to the surface. This kind of air, collected in a 
bladder tied to the neck of the flask, is not aerial acid [i.e, 
carbonic anhydride], but of a quite different nature. 
During the digestion, the volatile alkali is entirely decom 
posed ; for if the solution be mixed and distilled with a 
sufficient quantity of quicklime, not the least smell of 
volatile alkali appears in the receiver. In this process, the 
phlogiston, one of the constituent parts of volatile alkali, 
has combined with the manganese, and thus rendered the 
acid of nitre capable of acting upon the manganese. The 
elastic fluid, colle('ted in the liladder, has been either 
separated from the volatile alkali, and is then its other 
constituent part, or it is a product arising from its decom- 
position. That the nitrous acid has no share here is 
clearly proved by the following process : 

“ I repeated the very same distillation with manganese and 
sal-ammoniac. ... It happened here as I expected ; I 
obtained the same kind of air in the bladder as in the 
preceding experiment ” (Scheele’s jEssays, p. 83). 

Scheele (1777) oxidises ammonia by the calx of gold. 

—Scheele prepared the same inert gas by detonating 
FULMINATING GOLT). This substancc is a compound of the 
volatile alkali with calx of gold, prepared by adding the 
volatile alkali to a solution of gold in aqua regia. It had 
been known from the time of Basil Valentine to possess the 
property of detonating violently when heated. Bergman 
determined its composition by precipitating the calx of gold 
by means of a fixed alkali, and then converting it into “ aurum 
fulminans ” by the action of ammonia, or of one of its salts 
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(“ On the Fulminating Calx of Gold,” Bergman's £ssays^ IL, 
134-165; pp. 155, 156). He also drove off the volatile 
alkali by gentle heat, when the gold lost its power of 
detonating {/oc. cit. p. 145), and remained in the form of an 
inert calx, the aurum mutum ” of the alchemists. When the 
fulminate is detonated, the oxygen of the calx combines 
with the inflammable constituent of the ammonia, the inert, 
gaseous constituent is suddenly set free, and a residue of 
metallic gold remains. 

Scheele in the course of his Experiments on Air and Fire 
confirmed Bergman’s observations and actually extracted a 
small quantity of ammonia from the fulminate. Following 
Bergman he detonated half a drachm of fulminating gold 
over water and obtained six ounce*measures of a gas, which 
had the following properties : 

“(i) It was not miscible with water. 

“(2) It did not precipitate lime-water. 

“(3) It extinguished immediately the flame of a burning 
candle ; and was consequently air, in every respect, 
similar to that generated by the destruction of volatile 
alkali ” {Experiments on Air and Fire^ tr. J. R. Forster, 
1780, pp. 1 42- 1 43). 

The liberatioi of gas by the action of chlorine on 
ammonia is noted in his essay “On Manganese” {Essays^ 
p. 71). 

Berthollet (1785) proves that ammonia is a compound of 
hydrogen and nitrogen. — To the French chemist Berthollet 
belongs the credit of proving definitely in 1785 that the 
inflammable constituent of ammonia is hydrogen, and the 
inert constituent nitrogen. He also made an accurate 
quantitative analysis of the gas. 

The nature of the inflammable constituent was determined 
by neutralising the ammonia with nitric acid and heating the 
crystalline nitrate thus produced. Nitrous oxide was set 
free, and a considerable volume of water was condensed. 



xni THE DECOMPOSITION OF THE ALKALIS 261 

The formation of water was attributed to the oxidation of 
the inflammable constituent of the ammonia by the oxygen 
of the acid. Berthollet concluded from this experiment 
that “ the inflammable gas of water is a constituent part of 
the volatile alkali” {Mem. Acad. Sci.^ Paris, 1785, 99 , 319). 

The inert constituent was first examined as a product of 
the action of chlorine on ammonia. 

“ The gas obtained from a mixture of volatile alkali and 
[chlorine] showed all the negative properties which 
characterise phlogisticated air or atmospheric [azote]. ^ ... It 
follows that the volatile alkali is a compound of inflammable 
air and [azote], and this result will be confirmed by the 
experiments which will follow” {idid, p. 320). 

A more careful study of the gas from fulminating gold 
proved that this gas was actually nitrogen. 

“ I made use of the gas which is set free in the detonation 
of fulminating gold, in order to assure myself that it is 
really [azote] that is contained in the volatile alkali ; to 
obtain it pure I filled a small glass retort with boiled 
water, in which I placed the fulminating gold ; I distilled 
this water at the pneumatic trough ; when the retort was 
dry, most of the fulminating gold detonated, and although 
there were seven grains of it, the retort was not broken, 
because the mouth was free ; by plunging the retort into 
water 1 collected the gas which had been set free ; I 
mixed it with the proportions of vital air indicated by 
Cavendish ; I submitted this mixture to the action of 
electricity, and the diminution which it experienced was 
similar to that which one obtains when dealing with 
atmospheric [azote]” {ibid, pp. 321 — 322). 

‘‘ One can now explain the properties of fulminating 
gold : the gold is there present as a calx, that is to say, 
united with vital air ; it is also combined with volatile 
alkali, as Bergman has so well shown ; the inflammable 
gas of the volatile alkali forms water with the vital air, its 


^ “ Mofette” is the word used in the original paper. 
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[azote] is suddenly liberated and the metal is revived ” 
{ibid. p. 321). 

Although the actual conversion into nitre of the nitrogen 
of the volatile alkali was not realised in this experiment, 
Berthollet was able to quote two cases in which the converse 
change had been effected, since ammonia had actually been 
prepared by the action of zinc on a solution of nitre, and by 
the action of a fixed alkali on the products of interaction of 
tin and nitric acid. “ It is necessary to note that in each 
case nitric acid was present which must have provided the 
[azote]” {ibid. p. 326). 

Berthollet’s analysis of ammonia. — In a paper published 
in the Journal de Physique for April, 1786, vol. 28 , 
p. 273, Berthollet compared the weight of ammonia driven 
off by gentle heat from fulminating gold, with the weight 
of water produced when the fulminate was detonated ; 
he “ concluded that the inflammable gas formed almost 
one-sixth by weight ... of the volatile alkali,” the pro- 
portion now accepted as correct being 3/17 instead of 
3/18. In 1785 ^ he carried out a volumetric analysis which 
showed that two volumes of ammonia gas were increased 
to four volumes by sparking, and that these four volumes 
consisted of nearly three parts of hydrogen with one part of 
nitrogen. 

“ We made some alkaline gas from a mixture of one f)art of 
sal-ammoniac and three to four parts of freshly-burnt lime, 
so that it should be free from water . . . : we introduced 
it into a glass tube provided with an exciter ; the space 
which it occupied was ... 17 cubic inches. It was 
electrified until an increase in volume was no longer 
perceptible ; after that, a little water was introduced into 
the tube, and no absorption was perceived, although it was 
shaken, so that the alkaline gas was completely decomposed ; 
the increase of its volume was i‘6 cubic inches; then the 

^ The paper was not published till 1788. 



xiir 


THE DECOMPOSITION OF THE ALKALIS 263 


gas was introduced into a Volta eudiometer, mixing each 
measure successively with vital air, and detonating after each 
addition, in the following manner : 

“(i) Two measures of vital air. 

One measure of decomposed alkaline gas. 

(2) One measure of vital air. 

One measure of gas. 

(3) 'Two measures of vital air. 

One measure of gas. 

(4) One measure of gas. 

Total : five measures of vital air and four measures 
of gas. 

“These nine measures were reduced to 4*6 measures, so 
that 4 '4 measures were destroyed, (kare was taken, in this 
experiment, to put an excess of vital air in order to be sure 
of destroying all the combustible part ; but one knows that 
combustion causes 145 measures of inflammable gas to 
disappear for 74 of vital air. It follow^s then that the 4*4 
measures destroyed represent 2*9 measures of inflammable 
gas and 1*5 measures of vital air. The four measures of 
electrified gas w’liich were tested, would then represent 2*9 
measures of inflammable gas and I’l of [azote]” {Mem, 
Acad. Sci.^ Paris, 1785, 99 , p. 324). 

St. Claire Deville in 1865 showed that the decomposition 
of ammonia into nitrogen and hydrogen is not quite complete 
{see Chapter XX). The decomposition is, in fact, another 
example of a balanced action, as may be indicated by the 
reversible equation. 

Ammonia nitrogen + hydrogen. 

The proportion of ammonia which persists is so small 
that Berthollet failed to detect any contraction of volume 
on adding water to the gas.^ 

The composition of sal-ammoniac. — When Priestley had 
prepared “acid air” and “alkaline air,” he tried the experi- 

^ The evaporation of water into the dry gas would produce an 
increase of volume which would compensate for the decrease of volume 
due to the absorption of a little undecomposed ammonia. 
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ment of mixing them, expecting that common air might be 
produced. Instead, he obtained a crystalline deposit of 
sal-ammoniac. This salt is, therefore, a compound of the 
two gases with one another. In 1809, Gay-Lussac showed 
(A.C.R, IV. 10) that sal-ammoniac is formed by the union 
of ammonia and of hydrogen chloride in equal volumes. 

Both gases, although regarded as simple substances when 
they were first prepared, were afterwards shown to be com- 
pounds containing hydrogen. Sal-ammoniac is, therefore, 
a ternary compound of nitrogen, hydrogen and chlorine : 


SAL-AMMONIAC = 


I^AMMONIA 

I MURIATIC ACID GAS 


= { 


NITROGEN 

HYDROGEN 

CHLORINE 


It is analogous with the oxygen-salts such as : 

SULPHATE OF f COPPER OXIDE = [ COPPER 

rnPPis-K - 1 ( OXYGEN 

COPPER - SULPHURIC ANHYDRIDE = | SULPHUR 

but differs from them in being formed by the union of two 
hydrides instead of two oxides. Such salts were described 
as hydrogen- or hydro-salts, in contrast with the better- 
known oxygen- or oxy-salts (see, for instance, Turner's 
“Chemistry," 1847, I. 566), 

Davy (1807) suspects the presence of oxygen in 
ammonia. — Davy’s success in isolating metals from the fixed 
alkalis (see below, pp. 273-280) led him, in 1807, to 
suspect that the volatile alkali might also contain a metallic 
constituent in combination with oxygen and hydrogen. 

“As the two fixed alkalies contain a small quantity of 
oxygen united to peculiar bases, may not the volatile alkali 
likewise contain it? was a query which soon occurred to 
me in the course of inquiry ; and in perusing the accounts 
of the various experiments made on the subject, some of 
which I had carefully repeated, I saw no reason to consider 
the circumstance as impossible” (Davy’s IVorks, V. 92). 
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He made many attempts to prepare oxygen from nitrogen or 
water from ammonia, but concluded at last that these could 
not be produced from the pure dry gases. The presence of 
oxygen in nitrogen was, however, accepted by Berzelius up 
to about 1820, both chlorine and nitrogen being tabulated 
as oxides in his essay on “Chemical Proportions ’’in 1819. 
Davy (1812) also suspected the presence of hydrogen in 
sulphur and phosphorus and, by analogy, in inflammable 
substances and metals generally (Works, IV. 358-359). 
These tentative hypotheses are of interest as showing the 
great difficulty of establishing the elementary character of 
any given substance. 

Seebeck ( 1808 ) prepares an amalgam from ammonia. — 

Davy’s views as to the composition of ammonia led him to 
attach great importance to the discovery of a metallic 
amalgam prepared from it by the action of an electric 
current. Berzelius and Hisinger had found (Ann, de Chimie, 
1804, 51 , 167) that concentrated aqueous ammonia was 
decomposed into nitrogen and hydrogen by passing an electric 
current through it, between platinum wires. Seebeck at 
Jena and Berzelius and Pontin (Gilbert’s Anfialen, 1810, 6, 
247-280) at Stockholm, discovered early in 1808 that an 
amalgam was produced, instead of hydrogen, when mercury 
was substituted for platinum. The amalgam was examined 
immediately by Davy, who included a section “ On the 
production of an Amalgam from Ammonia ” ( Works, V. 
122) in a paper on the Decomposition of the Earths, read 
before the Royal Society on June 30, 1808. Davy describes 
its preparation and properties as follows : 

“ When a globule of pure mercury is negatively electrified 
by a Voltaic apparatus of 100 pairs of plates, it being in 
contact with solution of ammonia in a cavity made in a 
piece of muriate of ammonia, or any ammoniacal salt, 
moistened in such a manner, and so placed on a disc of 
platina, that the circuit is completed ; the globule increases 
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rapidly in volume, the quicksilver loses its fluidity, and at 
length becomes of the consistency of soft butter, and 
arborescent crystallisations shoot from it, which are quite 
solid. The amalgam so formed has perfectly metallic 
properties. It effervesces copiously when thrown into water, 
hydrogen gas is given off, and a solution of ammonia is 
found in the water. When exposed to the air it gradually 
loses its consistence ; it emits a strong odour of ammonia, 
and reddens paper tinged with turmeric held above it ; and 
at last is found merely quicksilver. 

“ I found a still more easy mode of making the amalgam 
by employing mercury combined with a minute quantity of 
potassium, sodium or barium.^ When a compound of this 
kind is placed in contact with a solution of ammonia, or 
any moistened ammoniacal salt, it enlarges to eight or ten 
times its bulk, and becomes a soft solid, and may be pre- 
served for a much longer time than the amalgam formed by 
electrical powers ; it changes very slowly even under water ” 
(IVorkSy IV. 353-354; the quotation is from Davy's 
“Elements of Chemical Philosophy," published in 1812). 

Composition of the amalgam from ammonia. — Davy 
thought at first that the amalgam might have been formed 
by deoxidation of ammonia and “attempted to procure a 
peculiar metallic substance from it by distillation out of the 
contact of air, but without success ; . . . on the application of 
heat, hydrogen and ammonia were always evolved, and the 
mercury recovered its former state. ... In the most 
accurate experiments the proportions of ammonia and 
hydrogen were two to one by volume" ( Works^ IV, 355). 

As these products were formed, even from carefully-dried 
amalgam, he was obliged to adopt the alternative view of 
Gay-Lussac and Thenard that “ the amalgam consists of 
mercury united to azote and hydrogen, the hydrogen being 
in larger proportion than in ammonia " ( JVorks, IV. 354). 
Since two volumes of ammonia contained one volume of 
nitrogen and three volumes of hydrogen, the compound 
^ See below, pp. 275, 278, 281. 
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present in the amalgam (which contained two volumes of 
ammonia in combination with one volume of hydrogen) was 
composed of one volume of nitrogen united to four volumes 
of hydrogen. 

Davy (1808) suggests the name “ Ammonium.”— -In 

suggesting the name ammonium for the substance present 
in the amalgam Davy writes : 

“The more the properties of the amalgam obtained 
from ammonia are considered, the more extraordinary do 
they appear. 

“ Mercury by combination with about 
weight of new matter, is rendered a solid, yet has its s[)ecific 
gravity diminished from 13*5 to less than 3, and it retains 
all its metallic characters ; its colour, lustre, opacity, and 
conducting power remain unimpaired. 

“It is scarcely possible to conceive that a substance 
which forms with mercury so perfect an amalgam, should 
not be metallic in its own nature ; and on this idea to assist 
the discussion concerning it, it may be conveniently termed 
ajnmoniufn” {^IVorks^ V. 130--131). 

Ampere (1816) and Berzelius (1823) on the ammonium 
radical. — The discovery of ammonium amalgam had the 
effect of emphasising the close analogy of the compounds of 
ammonia with those of the alkali metals. Ampere in 18 r6 
pointed out that the salts of the fixed and volatile alkalies 
would be strictly analogous if the “ ammonium ” of Seebeck’s 
amalgam were regarded as the metallic base of the salts of 
ammonia. 

“ This difficulty would disappear by admitting that . . . 
the compound of one volume of nitrogen and four volumes 
of hydrogen, which is united to mercury in the amalgam 
discovered by Seebeck, and to chlorine in the hydrochloride 
of ammonia, behaves as a metal in all the compounds which 
it forms ; in such a way that a volume of ammonia gas 
combined with half a volume of water-vapour would be 
considered as a sort of oxide ; with half a volume of 
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sulphuretted hydrogen as a sulphide . . . ; finally with a 
volume of hydrochloric or hydriodic gas, as a chloride or 
iodide of this compound metal” (“On a Natural Classifica- 
tion of Simple Substances,” Ann. Chini. Fhys..^ 1816, 2 , 
16, footnote). 


According to Ampere's view the composition of sal- 
ammoniac should be represented as follows : 


SAL- 


AMMONIA 


AMMONIAC = i 


MURIATIC GAS = 


I 

{ 


NITROGEN 1 

y == AMMONIUM 
HYDROGEN I 

CHLORINE ” CHLORINE 


This view was supported by the analogy of cyanogen (p. 245), 
a poisonous gas containing nitrogen and carbon, which 
“although a compound substance, shows all the properties 
of the simple substances [chlorine, iodine, sulphur, etc.] 
capable of acidifying hydrogen.” 

Berzelius, convinced at last that ammonia contained no 
oxygen, adopted Ampere's view, and in 1823 { Jahresbericht., 
1823, 2, 57) proposed to represent the composite metal 
ammonium by a symbol Am, analogous with tho.se which he 
had already propped for the metallic elements (p. 295). 

Absorption and liberation of water in salt-formation.— 
For many' years confusion prevailed in reference to the 
composition of salts, because no attention was paid to the 
appearance or disappearance of water ; this water cost nothing, 
and, even when not in use as a solvent, could only be 
excluded by very careful drying. 

It was recognised that salts can be formed by the direct 
combination of two oxides, two sulphides or two hydrides, e.g. 

Two oxides : litharge -f ^ sulphate. 

Thifo hydrides : ammonia + muriatic gas — > sal-ammoniac. 



XIII 


THE DECOMPOSITION OF THE ALKALIS 269 


But when a basic oxide combines with an acid hydride, 
ivater is formed in addition to the salt, e,g. 


litharge + muriatic gas — lead chloride + water. 


On the other hand, when a basic hydride combines with 
an acid oxide ivater is nhsofbed^ in the formation of the salt. 
Thus ammonia does not unite with sulphuric anhydride to 
form a'salt, but 


ammonia + water + 


sulphuric 

anhydride 


— y ammonium sulphate. 


The water is needed to convert the ammonia into am- 


monium oxide, which can then unite with the acid oxide to 
form a salt : alternatively, it might be used to convert the 
acid oxide (sulphuric anhydride) into a hydro-acid (sulphuric 
acid) which can then unite directly with ammonia to form 
a salt, thus : 


Two oxides 


ammonium 

oxide 


Two hydrides : ammonia 


sulphuric ^ ammonium 

anhydride sulphate, 

sulphuric _ , ammonium 
acid sulphate. 


It is evident from these considerations that the ammonium 
salts of oxy-acids are quatcrtiary compounds, containing 
both hydrogen and oxygen, in addition to nitrogen and (^.^.) 
sulphur. 

'Phe case of ammonium nitrate is specially intereisting, as 
the acid oxide and basic hydride are both compounds of 
nitrogen. When the salt is heated, the hydrogen of the 
“ammonium” unites with oxygen from the acid to form 
water, and the nitrogen escapes in the form of nitrous oxide. 
In the case of ammonium nitrite the decomposition is 
almost explosive, the salt being decomposed completely 
into water and nitrogen. 

* Sal-volatile, which Priestley prepared from ammonia and carbonic 
anhydride, .is an exception ; the product is not ammonium carbonate, 
but ammonium carbamate, which forms a carbonate only when dissolved 
in water. 
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Daniell (1840), regards salts as binary compounds of two 
radicals. — Gay-Lussac, in 1815, had recognised in 
cyanogen a compound-radical which could act the part of a 
non-metallic element, such as chlorine, iodine or sulphur. 
AmptTe, in 1816, recognised in ammonium a compound 
radical which could act the part of a metal. I'he way 
was thus opened up for a final unification of all the different 
types of salts. The binary salts formed by the union of 
metal and halogen now became the type instead of the 
exception. In the ammonium .salts, the metal was replaced 
by a compound-radical : in the cyanide.s, the halogen was 
replaced by a comjiound-radical. It only remained to include 
the oxygen salts in the same category by regarding the sul- 
phates as compounds of a metal, with a compound 
SULPHATE-KADICAR. This radical was composed of sulphuric 
anhydride united with the oxygen of the base, thus : 


LEAD SULPHATE = 


{ LEAD OXIDE = I 

) OXYGEN 

SULPHURIC ^ j 
ANHYDRIDE (sULPHUR 


= LEAD. 

I = SULPHATE. 


just as the ammonium of sal-ammoniac (p. 268) was com- 
posed of ammonia united with the hydrogen of the acid. 

This view of tne nature of salts was generally adopted 
when Daniell, in 1840, showed that the first action of an 
electric current on salt solutions was to decompose the salt 
into metal and non-metal, if the radicals were simple, or if 
the radicals were compound, into “ metallic and “ non- 
metallic compound-radicals. 


B. Decomposition of the Alkalies and Earths. 

Volta (1790) produces an electric current by means of 
the voltaic pile.— The Italian physicist Volta discovered in 
1790 that insulated discs of zinc and copper, when brought 
into contact for a moment and then separated, acquired 
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respectively a positive and a negative charge of electricity, 
T’his method of producing electric (harges was much 
improved in the voltaic pile,^ which he described in the 
Philosophical T 7 'a 7 isaciions for 1800 (pp. 403-431). This 
consisted of a series of pairs of zinc (or tin) and silver (or 
copper) discs, se[)arated by cards, which w'ere soaked in 
brine to render them conducting (Fig. 43). The voltaic 
pile had the advantage that the electric charges were 
replenished as quickly as they were drawn off, so that a 
continuous electric current could be obtained. The 



Fig. 43.— Thi; Voi.tafc Pile. 

It is composed of 32 discs of copper or silver, a a silver coins) and 

32 discs of /inc, z z, separated by cards soaked in hiine and leniiinaling in 
two basins of water, b b. 


current was not sufficiently intense to produce sparks, 
except with the help of a Leyden jar, and would only 
produce a severe electric shock when the hands were 
moistened, or, better, dipped into bowls of water, bb 
but even a small pile was capable of producing a far greater 
quantity of current than the largest of the electrical 
machines then in use. The power of the pile could be 
increased almost indefinitely by augmenting the number of 

^ A voltaic pile presented by Volta to Davy is still preserved in the 
Library of the Royal Institution. 
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pairs of discs, whilst the efficiency of each unit was much 
improved by replacing the wet cards by vessels of wood, 
earthenware or glass, arranged side by side and filled with 
brine, or with dilute alkali (Fig. 44) ; each cell of the 
BATTERY Contained a zinc and a copper plate separated by a 
layer of solution, the zinc and copper plates of adjacent cells 
being soldered together. 

Nicholson and Carlisle (1800) decompose water by the 
electric current. — Nicholson and Carlisle discovered in 1800 
that two platinum wires, attached to the terminal plates of a 
voltaic pile and dipped in a glass of water, became 
covered with bubbles of gas. Closer examination showed 
that the gas collected from the positively-charged wire 


cv a a CL 



Fig. 44,— Tme Voltaic Battery or “Crown of Curs.” 

Plates of zinc, z z, and copper or silver, a a, are soldered together at « a and 
immensed in cups of brine. 


attached to the zir. : plate of the pile, was oxy^en^ and that 
hydrogen was liberated from the negatively-charged wire 
attached to the silver plate of the pile. At the end of 
13 hours, 72 grain-measures of oxygen and 142 grain- 
measures of hydrogen were collected, t,e. “ nearly the 
proportions in bulk of what are stated to be the component 
parts of water” {^Nicholson's Jourrial^ 1801, IV. 186). The 
electric current had thus been able to overcome the affinity 
of oxygen and hydrogen for one another, and had caused 
both gases to be liberated in the free state. The discovery 
of the decomposing power of the electric current was of 
great importance because compounds had been decom- 
posed previously only by heat, or by the action of some 
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substance which combined very strongly with one con> 
stituent and thus set the other free. 

Berzelius and Hisinger (1803) decompose salts by the 
electric current, — Berzelius and Hisinger in 1803 made 
the further discovery that dissolved salts were also 
decomposed by the current, the acid of the salt collecting 
with the oxygen round the positively-charged wire and the 
base with the hydrogen round the negatively-charged 
wire {Ann. de Chimie^ 1804, 51, 172). 

Davy constructs an electric battery. — On leaving the 
Pneumatic Institute at Bristol in 1801 to take up the Pro- 
fessorship of Chemistry at the Royal Institution, Davy at 
once took up the work of investigating the decomposing 
action of the electric current. He built up for this purpose 
a large battery containing 24 plates of copper and 
zinc 12 inches square, 100 plates of 6 inches, and 
150 of 4 inches square, charged with solutions of alum 
and [nitric] acid,” After describing, in his Bakerian lecture 
of 1806, “a number of decompositions and chemical 
changes produced by electricity,” he concluded “ that the 
new methods of investigation promised to lead to a more 
intimate knowledge than had hitherto been obtained, con- 
cerning the true elements of bodies ” which had not hither- 
to been decomposed (A.C.R. VI. 5). 

Davy (1807) prepares a metal from potash, — During the 
autumn of the following year Davy used the experience 
gained in these researches in his brilliant and successful 
attempt to decompose the caustic alkalies. Although Black 
had demonstrated fifty years earlier the relation of these 
substances to the mild alkalies, nothing whatever was known 
of their nature. They had usually been regarded as 
elements. Davy himself, knowing that ammonia was a com- 
pound of nitrogen and hydrogen, expected that the caustic 
alkalies would prove to be compounds of nitrogen with other 
combustible substances, perhaps sulphur or phosphorus. 

T 
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As the result of little more than a month’s work, Davy 
found himself in a position to “demonstrate the decom- 
position and composition ” of the caustic alkalies. 

On applying the current to saturated solutions of potash 
and soda, Davy found that “ the water of the solutions alone 
was affected, and hydrogen and oxygen disengaged with 
the production of much heat and violent effervescence ” 
(A.C.R. VI. 7). 

“The presence of water appearing thus to prevent any 
decomposition,” Davy passed the current through “ potash 
in igneous fusion,” and found that “a most intense light was 
exhibited at the negative wire, and a column of flame, which 
seemed to be owing to the development of combustible 
matter, arose from the point of contact.” 

All attempts to isolate the combustible matter under these 
conditions failed, because the heat required to melt the 
potash was more than sufficient to ignite the inflammable 
product. But when Davy employed “ electricity as the 
common agent for fusion and decomposition,” metallic 
globules appeared at the negatively-charged surface ; whilst 
oxygen was produced at the positive pole. 

“A small piece pure potash, which had been exposed 
for a few seconds to the atmosphere, so as to give conduct- 
ing power to the surface, was placed upon an insulated disc 
of platina, connected with the negative side of the battery 
. . . and a platina wire, communicating with the positive 
side, was brought in contact with the upper surface of the 
alkali. The whole apparatus was in the open atmosphere.” 

“ Under these circumstances a vivid action was soon 
observed to take place. The potash began to fuse at both 
its points of electrization I'here was a violent effervescence 
at the upper surface ; at the lower, or negative surface, there 
was no liberation of elastic fluid ; but small globules having 
a high metallic lustre, and being precisely similar in visible 
characters to quicksilver, appeared, some of which burnt 
with explosion and bright flame, as soon as they were formed, 
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and others remained, and were merely tarnished, and finally 
covered by a white film which formed on their surfaces ” 
(A.C.R. VL 8). 

To the new metal thus produced, the “ basis of potash,” 
Davy gave the name potassium. 

Davy describes the physical properties of potassium. — 

The new metal at ordinary temperatures is 

“a soft and malleable solid, which has the lustre of polished 
silver,” but “at about the freezing point of water it becomes 
harder and brittle, and when broken in fragments, exhibits 
a crystallised texture, which in the microscope seems 
composed of beautiful facets of perfect whiteness and a 
high metallic splendour.” 

“To be converted into vapour, it requires a temperature 
approaching that of red heat ; and when the experiment is 
conducted under proper circumstances, it is found unaltered 
after distillation.” 

“It is a perfect conductor of electricity,” and “an 
excellent conductor of heat.” 

“ Resembling the metals in all these sensible properties 
it is however remarkably different from any of them in 
specific gravity ; I found that itro.se to the surface of naphtha 
distilled from petroleum, and of wdiich the specific gravity 
was *861 and it did not sink in double distilled naphtha,^ the 
specific gravity of which was about 770, that of water being 
considered as i ” (A.C.R. VI. 14). 

Gay-Lussac and Thenard {Physico-Chemical Researches^ 
i8ri, 1. in) who prepared the metal in larger quantities by 
allowing molten potash to flow on to iron filings heated to 
whiteness in a gun-barrel jacketed with clay, found that the 
density of potassium at 15° C. relatively to water at the same 
temperature was 0*865. They also gave the melting point 
as 58®, the value now accepted being 62 *5 ^ 

The chemical properties of potassium. — (a) Oxidation , — 
Davy had considerable difficulty in preserving the new 

^ This statcMiient made twice by Davy, is remarkable in that it makes 
the density of sodium less than o'77. 


T 2 
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substance, since the globules ‘‘ acted more or less upon 
almost every body to which they were exposed.’^ It could 
be preserved in “ recently distilled naphtha ” ; but when 
exposed to the atmosphere its metallic lustre was immediately 
destroyed and a white crust formed upon it. 

“ This crust I soon found to be pure potash, which 
immediately deliquesced, and new quantities were formed, 
which in their turn attracted moisture from the atmosphere 
till the whole globule disappeared, and assumed the form of 
a saturated solution of potash.” 

When exposed to air or oxygen confined by mercury, 

an absorption of oxygen took place ; a crust of alkali 
instantly formed upon the globule ; but from the want of 
moisture for its solution, the process stopped, the interior 
being defended from the action of gas.” 

The new metal was readily combustible ; when strongly 
heated in oxygen a rapid combustion with a brilliant white 
flame was produced, and the metallic globules were found 
converted into a white and solid mass,” which Davy was not 
able to distinguish from ordinary potash (A.C^R. VI. ii). 

(b) Comlnnaiioji with Chlorifi€y Su/phur, Phosphorus and 
the Metals , — When introduced into chlorine gas, })otassium 

burns spontaneously with a bright red light, and a white 
salt, proving to be muriate of potash is formed” (A.C.R. 
VI. 1 6). Muriate of potash is, therefore, a binary com- 
pound of a metal with chlorine, of the same type as those 
prepared from lead, silver, and iron ; this fact is expressed 
in the name potassium chloride which is now given to 
the salt. 

Potassium also resembles the other metals in that it 
combines readily with sulphur and phosphorus. 

It possesses the property of forming alloys with other 
metals. With mercury it forms an amalgam, “ a substance 
exactly like mercury in colour ” ; “ the compound is fluid at 
the temperature of its formation ; but when cool it appears as 
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a solid metal, similar in colour to silver even when con- 
taining only one part of potassium to seventy parts of 
mercury. When these amalgams are exposed to air, “they 
rapidly absorb oxygen ; potash which deliquesces is formed ; 
and in a few minutes the mercury is found pure and 
unaltered.” “When a globule of the amalgam is thrown into 
water, it rapidly decomposes it with a hissing noise ; potash 
is formed, pure hydrogen disengaged, and the mercury 
remains free ” (A.C.R. VI. 20). 

(c) Decomposition of Water . — The strong affinity of 
potassium for oxygen was shown in a very striking manner 
by its violent action upon water even when quite cold : 

“ When it is thrown upon water, or when it is brought 
into contact with a drop of water at common temperatures, it 
decomposes it with great violence, an instantaneous explo- 
sion is produced with brilliant flame, and a solution of pure 
potash is the result.” 

“ When water is made to act upon the basis of potash 
out of the contact of air and preserved by means of a glass 
tube under naphtha, the decomposition is violent ; and there 
is much heat and noise, but no luminous appearance, and 
the gas evolved when examined in the mercurial or water 
pneumatic apparatus is found to be pure hydrogen.” 

“ So strong is the attraction of the basis of potash for 
oxygen, and so great the energy of its action upon water, 
that it discovers and decomposes the small quantities of 
water contained in alchol and ether, even when they are 
carefully purified.” 

“The basis of potash when thrown into solutions of the 
mineral acids, inflames and burns. on the surface” (A.C.R. 
VI. 16, 17, 18). 

(d) Reduction of Oxides . — Finally potassium was found to 
be an active reducing agent, removing the oxygen from 
metallic oxides and liberating the metal. 

“ When a small quantity of the oxide of iron was heated 
with it, to a temperature approaching its point of distillation, 
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there was a vivid action ; alkali and grey metallic particles 
which dissolve with effervescence in muriatic acid, appeared. 
The oxides of lead and the oxides of tin were revived still 
more rapidly ; and when the basis of potash was in excess, 
an alloy was formed with the revived metal ” (A.C.R. 
VI. 22). 

The decomposition of caustic soda. — Davy immediately 
examined caustic soda to see if he could decompose it as he 
had done potash. He found that : 

“Soda, when acted upon in the same manner as potash 
exhibited an analogous result ; but the decomposition 
demanded greater intensity of action in the batteries, or 
the alkali was required to be in much thinner and smaller 
pieces^’ (A.C.R. VI. 9). 

The “ basis of soda ’’ was a white, metallic substance very 
similar to potassium. 

To the metal thus prepared from soda Davy gave the 
name sodium. 

Physical properties of sodium. — The properties of sodium 
were described as follows : 

“The basis of soda .... is a solid at common tempera- 
tures. It is white, opaque, and when examined under a 
film of naphtha, has the lustre and general appearance of 
silver. It is exceedingly malleable, and is much softer than 
any of the common metallic substances.” 

^‘It conducts electricity and heat in a similar manner to 
the basis of potash ; and small globules of it inflame by the 
voltaic electrical spark, and burn with bright explosions.” 

“ Its specific gravity is less than that of water. It swims 
in oil of sassafras of 1*096, water being i, and sinks 
in naphtha of specific gravity 0*86 1. This circumstance 
enabled me to ascertain the point with precision. I mixed 
together oil of sassafras and naphtha, which combine very 
perfectly, observing the proportions till I had composed a 
fluid, in which it remained at rest above or below ; and this 
fluid consisted of nearly twelve parts naphtha, and five of oil 
of sassafras, which gives a specific gravity to that of water, 
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nearly as nine to ten, or more accurately as 0*9348 to i ” 
(A.C.R. VI. 23—24). 

Gay-Lussac and Thenard found the density at 15^ to be 
0*972 relatively to water at the same temperature. 

“ The basis of soda has a much higher point of fusion 
than the basis of potash.” Davy gave the melting point as 
120° to 180° F.j but the value now accepted is higher, viz. 
98° C. He was not “able to ascertain at what degree of 
heat it is volatile ; but it remains fixed in a state of ignition 
at the point of fusion of plate glass” (A.C.R. VI. 24). 

Chemical properties of sodium. — In its chemical properties 
sodium resembled potassium, but was much less vigorous in 
its action on air, oxygen and water. 

“ When the basis of soda is exposed to the atmosphere, 
it immediately tarnishes, and by degress becomes covered 
with a while crust, which deliquesces much more slowly 
than the substance which forms on the basis of potash. It 
proves, on minute examination, to be pure soda. 

“The basis of soda combines with oxygen slowly, and 
without luminous appearance at all common temperatures ; 
and wdien heated, this combination becomes more rapid ; 
but no light is emitted till it has acquired a temperature 
nearly that of ignition. 

“The flame that it produces in oxygen gas is wLile, and 
it sends forth bright sparks, occasioning a very beautiful 
effect ; in common air, it burns w'ith light of the colour of 
that produced during the combustion of charcoal, but much 
brighter. 

“ Its operation upon water offers most satisfactory evidence 
of its nature. When thrown upon this fluid, it produces a 
violent effervescence, wnth a loud hissing noise ; it combines 
with the oxygen of the water to form soda, which is dissolved, 
and its hydrogen is disengaged. In this operation there is 
no luminous appearance” (A.C.R. VI. 24 — 25). 

“ When introduced into [chlorine], it burnt vividly with 
numerous scintillations of a bright red colour. Saline 
matter was formed in this combustion, which, as might have 
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been expected, proved to be muriate of soda” (A.C.R. 
VI. 25). 

Comnion salt was thus shown to be a binary compound 
of sodium and chlorine, a fact which is expressed by the 
name sodium chloride. 

Sodium, like potassium, combined with non-metals such 
as sulphur and phosphorus, formed alloys with tin and other 
metals, and a solid amalgam with mercury. 

The bases of potash and soda are metals. — “ Should the 
bases of potash and soda be called metals ? ” This question 
Davy answered in the affirmative. They agree with metals 
in opacity, lustre, malleability, conducting powers as to heat 
and electricity, and in their qualities of chemical combination. 
Their low specific gravity does not appear a sufficient reason 
for making them a new class ; for amongst the metals them- 
selves there are remarkable differences in this respect, 
platina being nearly four times as heavy as tellurium.” 
Davy therefore decided “to adopt the termination which 
by common consent has been applied to other newly- 
discovered metals,” and to call the new substances 
potassium and sodium. He added, “Whatever future 
changes may take place in theory, there seems, however, 
every reason to believe that the metallic bases of the 
alkalies, and the common metals, will stand in the same 
arrangement of substances ; and as yet we have no good 
reasons for assuming the compound nature of this class of 
bodies” (A.CR. VI. 33—35). 

Davy (1808) separates new metals from the alkaline 
earths. — Although the nature of the caustic alkalies had 
scarcely even been conjectured ^ before their decomposition 
by Davy, the similarity between the alkaline earths, such as 
lime and baryta, and the metallic oxides, had long been 

^ Lavoisier, in 1789, regarded the alkalis as “evidently compound, 
although we are still ignorant of the nature of the principles which 
enter into their composition” (IVorkSy I. 137). 
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recognised and had indeed led Lavoisier to suggest that 
they were of the same nature ( WorkSy I. 122, 126, 137). 

PVesh from his recent successes with potash and soda, 
Davy, in 1808, attacked the alkaline earths, and after some 
failures isolated their metals in the form of amalgams with 
mercury. 

“The earths were slightly moistened, and mixed with one- 
third of red oxide of mercury, the mixture was placed on a 
plate of platina, a cavity was made in the upper part of it to 
receive a globule of mercury, of from fifty to sixty grains in 
weight, the whole was covered by a film of naphtha, and the 
plate was made positive, and the mercury negative, by a 
proper communication with the battery.'^ 

“ The amalgams obtained in this way, were distilled 
in tubes of plate glass, or in some cases in tubes of common 
glass. These tubes w'ere bent in the middle, and the 
extremities were enlarged, and rendered globular by blowing, 
so as to serve the purposes of a retort and receiver.’’ 

“ The tube after the amalgam had been introduced, was 
filled with naphtha, which was afterwards expelled by boiling, 
through a small orifice in the end corresponding to the 
receiver, which was hermetically sealed when the tube 
contained nothing but the vapour of naphtha, and the 
amalgam.” 

“ I found immediately that the mercury rose pure by 
distillation from the amalgam, and it was very easy to 
separate a part of it ; but to obtain a complete decom- 
position was very difficult” (A.C.R. VI. 46 — 47). 

In this manner Davy obtained metals from baryta, from 
lime, and from the earth now known as strontia ; these 
metals he named barium, calcium, and strontium. He 
seems also to have obtained a specimen of the metal con- 
tained in magnesia ; he first called this metal “ magnium,” 
but afterwards reverted to the name magnesium. 

Properties of the metals of the earths. — Barium was 
described by Davy as “a white metal of the colour of silver,” 
solid at ordinary temperatures but fluid at a heat below 
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redness.” “When exposed to air, it rapidly tarnished, 
and fell into a white powder, which was barytes. When 
this process was conducted in a small portion of air, the 
oxygen was found absorbed, and the nitrogen unaltered ; 
when a portion of it was introduced into water, it acted 
upon it with great violence and sunk to the bottom, pro- 
ducing in it barytes ; and hydrogen was generated” (A.C.R. 
VI. 49). 

Strontium was described by Davy as closely resembling 
barium. 

In reference to calcium, Davy writes : 

“ The metal from lime, I have never been able to examine 
exposed to air or under naphtha. In the case in which I 
was able to distil the quicksilver from it to the greatest 
extent, the tube unfortunately broke, whilst warm, and at 
the moment that the air entered, the metal, which had the 
colour and lustre of silver, instantly took fire, and burnt 
with an intense white light into quicklime” (A.C.R. 
VI, so). 

The metal is now manufactured on a considerable scale 
by passing an electric current through the muriate, calcium 
CHLORIDE, to which fluor-spar (calcium fluoride) is added 
to render it more easily fusible. 

“ 'fhe metal from magnesia seemed to act upon the glass, 
even before the whole of the quicksilver was distilled from 
it. In an experiment in which I stopped the process before 
the mercury was entirely driven off, it appeared as a solid, 
having the same whiteness and lustre as the other metals of 
the earths. It sunk rapidly in water, though surrounded 
by globules of gas, producing magnesia, and quickly 
changed in air, becoming covered with a white crust, and 
falling into a fine powder, which proved to be magnesia” 
(A.C.R. VI. 50 ). 

Composition of the earths. — Having isolated metals 
from the four alkaline earths, Davy was able to prove by 



XIII 


THE DECOMPOSITION OF THE ALKALIS 283 


direct experiment that they were actually metallic oxides. 
Although he was not able to determine their composition 
by direct weighing, Davy satisfied himself: 

“ That when the metals of the earths were burned in a 
small quantity of air they absorbed oxygen, gained weight 
in the process, and were in the highly caustic or unslacked 
state ; for they produced strong heat by the contact of water, 
and did not effervesce during their solution in acids.” 

Lime was thus proved to be calcium oxide. Slaked 
lime, formed by combining lime with water, is sometimes 
regarded as hydrate of lime, but is more usually described 
as CALCIUM HYDROXIDE, ix, a ternary compound of calcium, 
hydrogen and oxygen. Similar names are given to the 
other earths. 

Composition of the alkalis. — Davy at first regarded the 
alkalis as “ highly combustible metallic bases united to 
oxygen” (A.C. R. VI. 43.), but he soon discovered that the 
oxides required to be combined with water in order to 
convert them into caustic alkalis. He also confirmed the 
observation of Gay-Lussac and Thenard that when the 
metals were burned in oxygen, peroxides were formed, 
from which the excess of oxygen could be detached by 
further heating, or by the action of water in converting the 
peroxide into a common caustic. 

These relationships were demonstrated very clearly in his 
experiments on the elementary nature of chlorine. He 
combined chlorine gas (i) with metallic potassium, (2) with 
the oxide and peroxide, (3) with the hydrated oxide (identi- 
cal with ordinary caustic potash) and found that : 

(i) In the direct combination of potassium with chlorine 
no water or oxygen was separated, the only product being a 
neutral muriate or chloride formed by the direct combination 
of about I 'I cubic inch of chlorine with each grain of pot- 


assium. 
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(2) A grain of potassium burning in oxygen was found 
(after igniting the calx to decompose the peroxide) to pro- 
duce an absorption amounting to | cubic inch. By ab- 
sorbing I J cubic inches of chlorine the oxide was converted 
into chloride ; exactly half a cubic inch of oxygen was 
regenerated, but “ there no separation of moisture,” 
provided that the chlorine had been properly dried. 

(3) Similar phenomena were observed in the action of 
chlorine on the peroxide, the whole of the absorbed oxygen 
being regenerated without liberating any water. But when 
chlorine was admitted to “ a white sublimate of hydrate ” 
formed by the action of moisture on the peroxide “it 
instantly became transparent from the evolution of water ; 
and on heating the glass in contact with the sublimate, its 
opacity was restored, and water driven off.” (A.C.R. IX. 

41—43); 

Caustic potash was, therefore, a binary compound of 
oxide of potassium with water, corresponding with slaked 
lime, or a ternary compound of potassium, oxygen and 
hydrogen. It is therefore described as potassium hydroxide. 
Similar experiments show that caustic soda is correctly des- 
cribed as SODIUM HYDROXIDE. 

SUMMARY AND SUPPLEMENT. 

A. The Composition of Ammonia. 

Priestley, in 1773, showed that ammonia was inflammable 
and in 1775 decomposed it by sparking. This method was used 
by Berthollet in 1785 to determine the composition of the gas. 
He found that 

ammonia gave hydrogen -f nitrogen 

2 vols. 3 vols, I vol. 

The action was shown by St. Claire Beville, in 1865, to be 
incomplete and reversible. 

2NH3Z:3H2 + N 2 
(Am- (Hydro- (Nitro- 
monia.) gen.) gen.) 
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since the gas after sparking gave a cloud of sal-ammoniac when 
mixed with hydrogen chloride ; he was even able to recombine 
a mixture of hydrogen and nitrogen by sparking it in presence 
of hydrogen chloride. 

3H2 + Ng + 2HCI 2NH4CI 

(Sal-ammoniac.) 

The presence of an inflammable constituent in ammonia had 
already been recognised in 1774 by Scheele who found that the 
mineral “manganese” could be dissolved by acids when combined 
with ammonia, in the same way that it was dissolved in presence 
of combustible substances. In this process the non-inflammable 
constituent was liberated as an inactive gas ; 

3Mn02+2NH4N03^ Mn(N03).2 -f-2MnO + 4H2O -f N2 

(Manganese (Animonlum (Manganous (Manganous (Water.) (Nitro- 

dioxide.) nitrate.) nitrate.) oxide.) gen.) 

The same inert gas was liberated when ammonia was oxidised 
by the calx of gold during the detonation of fulminating gold^ an 
explosive compound obtained by precipitating gold chloride 
with ammonia. 

Au. 203 , 2 NH 3 2Au -f 3H2O -f N2 

(Fulminating (Gold.) (Water.) (Nitro- 
gold.) gen.) 

The gas prepared from fulminating gold was used by Bcr- 
thollet, when he sparked the inactive constituent of ammonia with 
oxygen, and showed that it was diminished in the same way as 
atmospheric nitrogen. Berthollct also showed that the inflam- 
mable constituent was really hydrogen ; he oxidised ammonia 
with nitric acid, by heating crystalline ammonium nitrate, and 
collected the water produced 

NH 4 N 03 -^ 2H2O -f N.O ; 

(Ammonium (Water.) (Nitrous 
nitrate.) oxide.) 

the other product was pure nitrous oxide. 

The discovery of the composition of ammonia, together with 
that of muriatic acid (hydrogen chloride) showed that hydro- 
salts could be produced by combining two hydrides, e.g. 

NH3 + HCl-$^ NH4CI 

(Am- (Hydrogen (Sal^ 
monia.) chloride.) ammoniac.) 
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in just the same way that oxy-salts were formed by combining 
two oxides, c.g. 

PbO -f SO3 P 1 )S 04 

(Lith- (Sulphuric (Lead 
arge.) anhydride.) sulphate.) 

In 1808, Seebeck at Jena, and Berzelius and Pontin at 

Stockholm, discovered that an amalgam could be produced by 
passing an electric current through ammonia in the presence of 
mercury. The amalgam is decomposed by heat into mercury, 
hydrogen (i voL) and ammonia (2 vols.). As ammonia (2 vols.) 
contains hydrogen (3 volsS) and nitrogen (i voL)^ the pseudo- 
metal in the amalgam contains nitrogen (i vol.) combined with 
hydrogen (4 I'ols) ; Davy in 1808, proposed to call it ainmonitdm. 
Ampere, in 1816, showed that thp salts of ammonia could be 
regarded as strictly analogous with the salts of the metals if am- 
monium were regarded as a “compound metal,” which united 
directly with halogens to form salts such as sal-ammoniac or 
ammofimm chloride : 

NH3 +HCI = NH4CI or (NH4) Cl 

(Am- (Hydrogen (S.-il- (Ammonium 
moiiia.) chloride.) ammoniac.) chloride.) 

A compound of ammonia with half its volume of water vapour 
constituted an ammoniion oxidt\ which could unite with oxy- 
acids (anhydrides) to form oxy-salts, thus : 

2NH3 -f H20 ->(n 1^4)20 

(Ammonium oxide.) 

(NH4)/) -f SO3 (NH4)2S04 

(Ammonium (Sulphuric (Ammonium 

oxide.) anhydride.) sulphate.) 

The oxy-salts of ammonia contain both oxygen and hydrogen. 
In some cases these may be driven off together in the form of 
water, e.^^\ ; 

NH4 NO3 2H2O -f N2O 

(Ammonium (Water) (Nitrous 

Nitrate.) oxide.) 

NH4 NO2 2H2O + N2 

(Ammonium (Water) (Nitrogen.) 

nitrite.) 

The decomposition of ammonium nitrate, the “nitrum 
flainmans ” of the alchemists, had been known from an early 
period and was used by Berthollet in 1785 to prove the presence 
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of hydrogen in ammonia ; the decomposition of ammonium 
nitrite takes place so readily that this salt was separated from 
its solutions in a crystalline form for the first time only in 1909 
(P.C. Ray, Trans, Chem. Soc., 95 , 345)- 

Berzelius, in 1823, proposed to represent the compound 
radical ammonium, NH4, by the symbol thus : 

ammonium chloride— or AmCI. 

Two compounds having the composition of 

ammonium oxidL\ 2 N H 3 + H.^O = (N 1 14).20 or Am^O and 

ammonium hydroxide,, N H3 + HoO = ( N H4)0 H or Am O H , 

were actually isolated in 1909 (Annual Reports,, 6, 14) ; it is 
remarkable that both compounds, like ammonia itself, melt at 
- 78 ' C. 

Daniell, in 1840, proposed to regard all salts as binary com- 
pounds of two radicals. In the halogen salts of the metals both 
radicals are simple or elementary. In the ammonium salts the 
‘‘ metallic ” radical is compound. In the cyanides, sulphatesj 
nitrates, etc. the “non-metal ” is replaced by a compound radical, 
cyanogen CN, sulphate SO4, nitrate NO3, etc. These radicals are 
the first products of the action of an electric current on the 
salts. 

B. Decomposition of the Alkalis 

Volta, in 1790, discovered that electric charges appeared on 
insulated discs of zinc and copper if brought into contact and 
then separated ; in 1800, he devised a Voltaic pile in which the 
charges were constantly renewed and a continuous electric 
current was produced. The pile was soon developed into the 
Voltaic battery and very large batteries were constructed in 
England for Davy and in France for C 4 ay-Lussac and 
Thenard, 

Nicholson and Carlisle, in i8oi, showed that water was 
decomposed by the electric current into oxygen and hydrogen 

2H2O ^ 2H2 + O2 

Berzelius andHisinger, in 1803, showed that dissolved salts 
were decomposed into alkali and acid by the electric 
current, e,g. : 

“ Na2S04 4 - 2H2O 2NaOH + H2SO4 

(Sodium (Caustic (Sulphuric 

sulphate.) soda.) acid.) 
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These two actions were regarded by Daniell in 1840 as due to 
a decomposition of the salt into its two radicals, 

Na2S04 2 Na -4" SO 4 j 

the radicals then acted on the water, so that caustic soda and 
hydrogen were produced together at the negatively-charged 
electrode (Faraday’s kathode) where the current left tlie liquid, 
whilst sulphuric acid and oxygen were produced together at the 
positively charged electrode (Faraday’s anode) where the 
current entered the liquid, thus : 

Kathode: 2Na -f 2H2O 2NaOH -f Hg 
Anode : SO 4 4- HgO -> H 2 SO 4 + ^Og 

Davy, in 1807, after having failed to separate a metal from 
aqueous caustic potash, passed an electric current across a piece 
of solid potash, slightly moistened on the surface. The potash 
was melted by the heat of the current and gave a light inflam- 
mable metal, which Davy called potassium. A similar metal, 
sodium.^ was separated from caustic soda. These metals were 
intensely active ; they combined directly with chlorine to form 
salt-like substances, and had so great an attraction for oxygen 
that they were able to decompose water at ordinary temperatures, 
liberating hydrogen and reproducing the caustic alkali ; they 
were used constantly during the succeeding years as the most 
powerful agents for extracting oxygen from substances in which 
its presence was suspected. 

Thus boron., the characteristic non-metal of borax (sodium 
borate) and of prepared by Homberg in 1702 and com- 

monly known as “ sedative salt”), was isolated in 1808, by Davy, 
and by Gay-Lussac and Thenard, by heating boric anhydride 
with potassium. Silicon^ which exists as an oxide [silica or silicic 
anhydride) in quartz and sand, and in the mineral silicates., was 
prepared by Gay-Lussac and Thenard in 1809 by the action of 
potassium on the fluoride. Aluminiu 7 n., the characteristic metal 
of alumina, of alum, and of clay, was isolated by Wohler in 1827 
by the action of potassium on the chloride. 

Davy, in 1808, separated a new series of metals from the 
alkaline earths — magnesia, lime, strontia and baryta. The 
earths were mixed with oxide of mercury, covered with naphtha 
and submitted to the action of the electric current. Amalgams 
were obtained, from which the mercury was distilled off, more or 
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less completely, leaving behind a residue (of metallic juagnesiuni^ 
calcium^ strontium or barium. The metals oxidised rapidly 
and were converted into unslaked or caustic earths, which were 
thus shown to be metallic oxides : 

Magnesia = magnesium oxide MgO 

Lime = calcium oxide CaO 

Strontia = strontium oxide SrO 

Baryta = barium oxide BaO 

The slaked oxides, formed by uniting the oxides with water, are 
called hydroxides^ 

slaked lime = lime -f water 

== calcium hydroxide, CaOjOH^ or Ca(OH)2 

Davy at first regarded the caustic alkalis as oxides of pot- 
assium and sodium, but further experiments showed that they 
were really hydroxides like slaked lime, since 
potassium and chlorine potassium chloride only 

2K + Cl2-> 2KCI, 

potassium oxide and chlorine potassium chhn'ide and oxygen 

K2O + Cl2-> 2KCI + i 02 , 

(1 voi.) vol.) 

potassium peroxide and chlorine gave potassium chloride and 
oxygen 

^2^4 2KCI T 2O2, 

caustic potash and chlorine gave potassiinn chloride,^ oxygen 
and water 

2KOH -f Cl2-> 2KCI 4 - ^02 + ILA 


U 




PART II 


CHEMICAL THEORIES 

CHAPTER XIV 

THE ATOMIC THEORY 

A. Dalton’s Atomic Theory 

Theories as to the composition of matter. — From the 
time of the Greek philosophers there had existed two 
opposing theories of the constitution of matter (a) the 
conii^nwus^ according to which a void could not exist, and 
(h) the atomic^ according to which all material substance 
consisted of particles separated by spaces. 

The great English philosopher Isaac Newton gave his 
powerful supi)oit to the latter opinion, with the result that it 
became more and more prevalent, until at the close of the 
eighteenth century it was almost universal to think of siib- 
tances as composed of minute particles, too small to be 
visible even by means of the microscope ; these tiny 
particles were generally spoken of as “ atoms,” i,e. as 
indivisible, Newton’s views as to the nature of atoms arc 
set out in the following passage : 

“ It seems probable to me, that God in the beginning 
formed matter in solid, massy, hard, impenetrable, moveable 
particles ; of such sizes and figures, and with such other 
properties, and in such proportions to space, as most 
conduced for the end for which he formed them ; and that 
these primitive particles being solids, are incomparably 
harder than any porous bodies compounded of them ; even 

29* u 2 
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so very hard, as never to wear or break in pieces : no 
ordinary power being able to divide what God himself made 
One, in the first creation {Optics^ Book III ; Works^ 1782, 
IV. 260. Not included in the first edition of the Optics 
published in 1704). 

Atoms and molecules. — The vague atomistic theory of 
the Greek philosophers was of little real value until Dalton 
showed that it could be used to explain the laws which 
govern chemical combination. The new ideas introduced 
into the Atomic Theory by Dalton may be summarised as 
follows : 

(1) The ultimate particles of a pure substance^ whether 
simple or compoimd^ are perfectly alike in size and weight. 

(2) The si 7 nple atoms of an elementary substance af'c 
indivisible^ and can neither be created nor destroyed. 

(3) The ''^compound atoms'^ of a chemical compound are 
formed by the union of tivo or more elementary atoms. 

(4) Combination between atoms takes place in the simplest 

integral ratios., e.g. i atom of A with i, 2, 3 atoms of B. 

In order to avoid the difficulty of describing a group of 
particles as an indivisible atom, it has become customary to 
reserve the name atom for the simple elementary atoms of 
which elements and compounds are alike composed. 
Groups of atoms, whether of the same kind or of different 
kinds, are distinguished as molecules, i.e. little masses. 

Dalton (1808) describes his atomic theory. — Dalton’s 
views as to the nature and methods of combination of the 
atoms are set out clearly in his '‘'‘New System of Chemistry f 
Vol. I., published in 1808 : 

‘‘ Whether the ultimate particles of a body, such as water, 
are all alike, that is, of the same figure, weight, etc., is a 
question of some importance. From what is known, we 
have no reason to apprehend a diversity in these particulars : 
if it does exist in water, it must equally exist in the elements 
constituting water, namely, hydrogen and oxygen. Now it 
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is scarcely possible to conceive how the aggregates of 
dissimilar particles should be so uniformly the same. If 
some of the particles of water were heavier than others, if 
a parcel of the liquid on any occasion were constituted 
principally of these heavier particles, it must be supposed to 
affect the specific gravity of the mass, a circumstance not 
known. Similar observations may be made on other sub- 
stances. Therefore we may conclude that the ultimate 
particles of all homogeneous bodies are perfectly alike in weight, 
figure, etc. In other words, every particle of water is like 
every other particle of water ; every particle of hydrogen is 
like every other particle of hydrogen, etc.’^ {New Syste 7 n, 
1808, I. T42 ; A.CR. II. 28). 

Chemical analysis and synthesis go no farther than to 
the separation of particles one from another, and to their 
reunion. No new creation or destruction of matter is within 
the reach of chemical agency. We might as well attempt to 
introduce a new planet into the solar system, or to annihilate 
one already in existence, as to create or destroy a particle of 
hydrogen. All the changes we can produce, consist in 
separating particles that are in a state of cohesion or 
combination, and joining those that were previously at a 
distance’^ (A.C.R. II. 29). 

“ If there are two bodies, A and B, which are disposed 
to combine, the following is the order in which the com- 
binations may take place, beginning with the most simple ; 
namely, 

I atom of A + i atom 01 B = i atom of C, binary 

1 atom of A -H 2 atoms of B = i atom of I), ternary 

2 atoms of A -f- I atom of B = i atom of E, ternary 

I atom of A -h 3 atoms of B = i atom of F, quaternary 

3 atoms of A -f I atom of B = i atom of G, quaternary 

etc., etc. 

{New System, 1808, I. 212 ; A.C.R. II. 30.) 

“From the application of these rules, to the chemical 
facts already ascertained, we deduce the following con- 
clusions : 

(i) That water is a binary compound of hydrogen and 
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oxygen, and the relative weiglits of the two elementary 
atoms are as i : 7, nearly. 

( 2 ) Idiat ammonia is a binary compound of hydrogen 
and azote, and the relative weights of the two atoms are 
as i : 5, nearly. 

(3) That nitrous gas is a binary compound of azote and 
oxygen, the atoms of which weigh 5 and 7 respectively ; 
that [nitrogen ])eroxide] ^ is a binary or ternary compound 
according as it is derived, and consists of one atom of azote 
and two of oxygen, together weighing 19 ; that nitrous oxide 
is a compound similar to [nitrogen peroxide], and consists of 
one atom of oxygen and two of azote, weighing 17. . . 

(4) That carbonic oxide is a binary compound, consisting 
of one atom of charcoal, and one of oxygen, together 
weighing nearly 12 ; that carbonic acid is a ternary compound 
(but sometimes binary) consisting of one atom of charcoal, 
and two of oxygen, weighing 19; etc., etc. In all these 
cases the weights are expressed in atoms of hydrogen, each 
of which is denoted by unity” (A.C.R. II. 30-31)- 

Dalton’s atomic symbols. — Much of the success of 
Dalton’s atomic theory was due to tlie system of symbols 
which he introduced (A.C.R. 11 . 32), to represent the atoms 
of elements, and the molecules of compounds. Typical 
examples were : 


Atoms. 

Dalton's 

Symbol. 

Ber/elius’s 

Symbol. 

Hydrogen . . . . 

0 

H 

Azote 

© 

N 

Carbon . . . . 

• 

C 

Oxygen . . . . 

0 

0 

Sulphur . . ♦ . 

0 

Dalton’s 

s 

Berzelius’s 

Molecules. 

Symbol. 

Symbol. 

Water 

00 

H + O 

Ammonia . . . . 

* ^‘Nitric acid” 

0© 

in the original. 

H + N 
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Molecules. 

Dalton’s 

Symbol. 

Berzelius’s 

Symbol. 

Nitric oxide 

(DO 

0-f-N 

Nitrous oxide 

(DOCD 

O + 2 N 

Nitrogen peroxide 

000 

20-fN 

Carbonic oxide . 

om 

C + O 

Carbonic anhydride . 

omo 

C + 20 


Berzelius’s atomic symbols (1819) — Dalton’s system of 
symbols was much improved by Berzelius, who, in his Essay 
On the Theory of Chemical Proportions^ published in 
Paris in 1819, suggested that “Chemical symbols should be 
letters of the al})habet, in order to be easily drawn and 
printed without disfiguring the text”; he therefore “ chose 
for this purpose the initial letter of the Latin name of each 
element (loc. cit., p. in). Since many elements had the 
same initial he proposed to use single letters to represent the 
chief non-metallic elements, and to add a second letter to 
distinguish the metals or other non-metals having the same 
initial. As examples he gives : 

S =Siil()hur. C =Carbonicum (carbon.) 

Si =Siliciuni (silicon). Co=:CobaItum (cobalt). 

Sb = Stibium (antimony). Cu = Cuprum (copper). 

Sn = Stannum (tin). 

O =Oxygcnium (oxygen). 

Os = Osmium. 

Compounds were distinguished by adding together the 
symbols of the constituent elements, e.^^. the two oxides of 
copper were written Cu + O and Cu -f 2O. Berzelius 
abbreviated his symbols by writing these two compounds 
as Cu and Cu, the dots representing atoms of oxygen. In 
the systems as used in the present day the two formulae 

^ In a Swedish pamphlet published in 1814 Berzelius used initial 
letters to represent the oxides of the chief mineral-forming elements. 
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yuld be written CuO and CuOa, but as the molecules of 
the two compounds are now regarded as containing only a 
single atom of oxygen the formulae are actually written as 
Cu .^0 and CuO. 

Berzelius gave a list of fifty elements, with corresponding 
symbols. The majority of the symbols are easily- recognised 
abbreviations ; exceptions are found in the case of : 


Gold 

Aurum 

Au 

Silver 

Argentum 

Ag 

Copper 

Cuprum 

Cu 

Iron 

Ferrum 

Fe 

Lead 

Plumbum 

Pb 

Tin 

Stannum 

Sn 

Mercury 

Hydrargyrum 

Hg 

Antimony 

Stibium 

Sb 

Sodium 

Natrium 

Na 

Potassium 

Kalium 

K 


The number of recognised elements has now grown to 
about 90. 

The laws of chemical combination explained by the 
atomic theory. — One of the chief merits of Dalton’s atomic 
theory was that it afforded a simple and obvious explanation 
of the three chief laws of chemical combination, namely : 

(1) The law of fixed proportions. 

(2) The law of multiple proportions. 

(3) The law of reciprocal proportions. 

B. Fixed Proportions. 

The law of fixed proportions. — Throughout the alche- 
mistic period very little attention was paid to the weights of 
the substances obtained in chemical processes. The study 
of chemical composition was confined to qualitative 
experiments, designed to find out the nature and not the 
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proportions of the constituent elements of various sub- 
stances. A similar disregard of quantitative measurements 
prevailed during the vogue of the phlogiston theory, which 
became untenable as soon as the balance became a recog- 
nised tool of chemical science. 

The credit of introducing quantitative conceptions into 
chemistry belongs mainly to Black, whose work on 

Magnesia Alba ” was a masterly demonstration of the 
possibilities of the new method. Black’s methods were 
used with even greater effect by Lavoisier, the whole of 
whose work was carried out upon a quantitative basis. 

The work of Black and of Lavoisier was based upon the 
tacit assumption of the law of fixed proportions, that : 

“ Chemical compounds are formed hy the combination of 
their elements in fixed proportions by weight P 

This law can be deduced at once from Dalton’s theory 
that “the ultimate particles of all homogeneous bodies are 
perfectly alike in weight, figure, etc.” Conversely, if the 
law of fixed proportions were not true, Dalton’s theory 
would be a false hypothesis which could not stand the test 
of experiment. 

Proust (1799-1802) formulates the law of fixed propor- 
tions. — The law of fixed proportions, which had been tacitly 
assumed by Black and Lavoisier, became a definite doctrine, 
to be tested and verified by experiment, in the hands of the 
French chemist Joseph Louis Proust (1755-1826), who 
carried out much analytical work bearing on this question 
whilst Professor of Chemistry at Madrid. Proust was im- 
pressed by the fact that the proportions in which the ele- 
ments combine are “ fixed by nature ” and that the “ power 
of augmenting or diminishing” these proportions “is not 
given to men ” {Journ. de Physique^ 1802, 55 , 325). Proust 
had already developed this view in 1799, when he found 
that there was no difference of composition between natural 
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and artijftcial carbonate of copper and that “ in art as in nature 
coppei never oxidises beyond 26%,” whether the oxidation 
was/ brought about by fire, or by dissolving in nitric acid or 
b^y conversion into verdigris. Thus, in reference to the native 
carbonate of copper, he writes : 

“If 100 parts of this carbonate, dissolved in nitric acid 
and thrown down by alkaline carbonates, give us 100 parts of 
artificial carbonate ; if the base of these two compounds is 
the black oxide, one must recognise an invisible hand which 
holds the balance in the formation of compounds and 
fashions their attributes at its will ; one must conclude that 
nature does not act otherwise in the depths of the earth, than 
on its surface, or in the hands of man ” (Ann. de Chimie, 
1799. 32, 30). 

In the case of iron and sulphur, Proust found an apparent 
exception to his rule ; iron pyrites was not identical with the 
artificial sulphide of iron (p. 175), but was “surcharged 
with an excess of sulphur,’^ about 20% of which could be 
driven off by heating the mineral in a retort {Nichohon^s 
Jourttal^ 1802, 1, in; tr. from Journ, de Physique, 1801, 
63, 89-97). But in the course of the year 1802 he pre- 
pared an artificial sulphide, which appeared to have the 
same composition as iron pyrites, and concluded that 
iron and sulphur could combine in two fixed proportions. 

“ From the foregoing facts it follow.s, that iron can fix 
sixty per cent, of sulphur by a considerably elevated tem- 
perature. This proportion constitutes iron sulphurated to 
the minimum.’’ 

“ By a lower heat it can also attract a [further] quantity 
which is equal to half of this weight ; and this result is iron 
sulphurated to the maximum, or with ninety parts of sul- 
phur. If this last combination be exposed to the temper- 
ature which formed the first, it returns to that state ; that is 
to say, it returns to the minimum of sulphuration, by giving 
out all the sulphur it was capable of fixing above the pro- 
portion of sixty parts for each quintal of iron ” {Nicholson' s 
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Journal^ 1802, 1, 272; tr. from Journ. de Physique^ 1802, 
H S9-95). 

'J'hesc facts are only partially correct. The artificial 
sulphide contains 57 parts of sulphur combined with 100 of 
iron : in iron pyrites there are 114 (not 90) parts of sulphur 
combined with 100 parts of iron. When iron pyrites is 
heated it loses one-third of its sulphur, as Proust supposed, 
but the product is not identical with the artificial compound, 
ferrous sulphide. ^ 

Berthollet (1803) challenges the law of fixed propor- 
tions. — In his Essay on Chemical Statics^ published in 1803, 
Berthollet definitely challenged Proust’s opinion that in- 
variable proportions and constant attributes characterise all 
the true compounds of art or of nature, and that the chemist 
is no more able to control these proportions and attributes 
than he is able to control the affinities which the elements 
possess for one another {Chemical Statics, tr. 1804, II. 
315-316). Berthollet maintained that the elements 
can combine in variable proportions, constancy of composi- 
tion being secured only when some constituent crystallises 
out, or distils out from the mixture of interacting substances. 
In the special case of the oxides he proposed, in opposition 
to Proust, to show 

“ that the proportions of oxygen in the oxides depend on 
the .same conditions as those which enter into the other 
combinations ; 

“ that these proportions can vary, progressively, from the 
term at which the combination becomes possible, to that at 
which it acquires the highest degree ; 

“ and, that when this effect does not take place, it is only 
because the conditions which I have pointed out become 
an obstacle to this progressive action ” {Chem. Statics, tr, 
1804, II. 316). 

He suggested that metals like zinc, which oxidise by 
volatilising, take at once those proportions of oxygen which 
may be considered as constant ; but that in the case of 
* The equation, 3FeS2 = Fe3S4 -l- Sg, has already been given on p. 182. 
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metals such as tin and lead, which enter into a tranquil 
fusion, oxidation advances progressively from a minimum 
towards a maximum, producing a succession of colours and 
of other properties. Thus lead forms an oxide which begins 
by being grey ; afterwards it passes to different shades of 
yellow, and finishes by becoming red. Iron also passes 
through different shades and acquires different properties as 
oxidation advances ; similar effects may be observed in 
several metals (Joe, cif, p. 317 ). 

In the case of sulphur, Berthollet expresses the view that 

“ The metals can combine with sulphur in very various pro- 
portions, and the combinations which are thus formed 
have different properties according to their proportions : I 
am, in this case, again in opposition to the opinion of 
Proust, who asserts, that by ihe tfivariabk law of proportion^ 
sulphur and iron are fixed at ’’ (Joe, eit. 372 - 373 ). 

Proust (1804-1808) defends the law of fixed proportions ; 
fixed proportions as a test of chemical combination. 

— Proust replied to the criticisms of Berthollet in a series of 
seven memoirs which appeared in the Journal de Physique 
during the last three months of 1804. It is not necessary 
to follow the controversy in detail : it will be sufficient to 
notice that Proust finished by using the law of fixed propor- 
tions as a test to distinguish chemical compounds from mere 
solutions of one compound or element in another. He was 
able to appeal to the general feeling of chemical workers 
to support the idea that there are in fact two different kinds 
of combination, that the dissolution of sugar in water is 
something different from the union of carbon, hydrogen and 
oxygen to form sugar, and so forth. It was no small ser- 
vice to point out that variable composition and fixed com- 
position provide a test by which the two kinds of combina- 
tion can be distinguished sharply from one another. These 
views were expressed by Proust, in 1806, as follows: 

“The attraction which makes sugar dissolve in water. 
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Method of Preparation, 

Quantity used to 
precipitate loo parts 
of silver. 

[ 49-598 

Chloride sublimed at ordinary pressure. 

Ratio 

1 49*597 

determined at ordinary temperature 


1 49*593 
\ 49*597 

Cliloride sublimed at ordinary pressure, 
determined at 100 “ 

Ratio 

f 49'597 

49 602 
[ 49 ‘597 

Chloride sublimed in a vacuum. Ratio determined 1 

< 49 '598 

at ordinary temperature .... 

. . 1 

L 49 '592 

Mean 


49'597 


In these experiments the average deviation from the mean 
was only 0*004 cent. 

The conclusion may be drawn that the law of fixed pro- 
portions is exact up to the extreme limit of experimental 
investigation. 

Soddy and Hyman showed in 1914 {Trans, Chem, Soi'.y 
1914, 105 , 1402 — 1408) that lead from radioactive minerals 
could unite with quantities of chlorine which differ by one 
part in 225. This result has been confirmed by later 
workers, who have recorded atomic weights ranging from 
226 to 228. The difference is attributed to the presence 
in the element of ‘‘isotopes” (p. 467), which are even more 
difficult to separate than neodymium and praseodymium, 
which were long regarded as a single element under the 
name of didymium. The exceptional difficulty of resolving 
such mixtures does not affect the validity of the law of 
fixed proportions, since this applies exclusively to pure 
homogeneous elements and compounds.’ 

C. Multiple Proportions. 

The law of multiple proportions. — The law of 

MULTIPLE PROPORTIONS States that : 

“ If several compounds be formed^ the fixed proportions in 
which two elements combine together are in simple integral 
ratios to one another I'" 
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This law recognises that elements may combine together 
in different proportions, but adds (i) that each of these 
proportions is fixed and (2) that the different fixed propor- 
tions are ?iot mdependent of one another^ but are related in 
the simplest possible way. Thus, if hydrogen and oxygen 
unite together in the ratio i : 8 to form water, they may 
also unite in the ratio 2:8, 3 : 8, 4 : 8, or 1:16, 1:24, 
1:32 (or, generally, in the ratio « x i : w x 8, where and 
m are whole numbers) in forming other compounds ; but 
they cannot combine together in intermediate ratios such as 
1*107 ;8 or I : 7’823, which are wholly independent of the 
ratio in which they are present in water. Berthollet, who 
claimed “ that a substance may combine in all proportions 
with another on which it acts by a reciprocal affinity 
{ Journ, de Physique^ 1805, 60 , 347), had no place for 
the law of multiple proportions. Proust, who recognised 
the existence in many cases of two or more fixed proportions, 
and especially of a fixed maximmn and niinmu 7 n, might 
easily have discovered the law of multiple proportions if his 
analyses had been more exact. Thus, in the case of iron 
and sulphur he gave the proportions as 

sulphur to iron = 60 : 100, minimum 
„ „ „ —i)o\ioOy?naxijnum 

These two proportions are in the simple integral ratio 2:3; 
but as the actual proportions are 57 : too and 114 : 100, 
ratio I : 2, it is not surprising that his measurements as a 
whole did not disclose any simple relationship between the 
maximum and minimum proportions. 

The law of multiple proportions was therefore first dis- 
covered by Dalton as a direct and obvious deduction from 
his atomic theory. No formal statement of the law was 
made, but several cases were quoted to which the law 
can be applied, e,g. the three oxides of nitrogen in which 
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the three proportions of oxygen to nitrogen ^ were in the 
ratio 1:2:4, and the two oxides of carbon in which the 
two proportions of oxygen to carbon ^ were in the ratio 1:2. 

The analytical data which Dalton used were no more 
exact than those of Proust, and were, indeed, much less 
exact than those on the strength of which he repudiated 
Gay-Lussac’s Law of Volumes (see below, p. 335). But, 
guided by his theory, he was able to recognise the existence 
of simple ratios, even in the imperfect data which were 
at his disposal. The opinions of Berthollet, “ that the 
chemical agency is proportional to the mass, .and that in all 
chemical unions there exist insensible gradations in the 
proportions of the constituent principles” (A.C.R. IL 27), 
was quite incompatible with the atomic theory, according 
to which one or more atoms of an element could combine 
with I, 2, 3, etc., atoms of a second element, but not with 
any intermediate fractional number. Dalton therefore 
denounced it as inconsistent “ both with reason and 
observation ” (A.C.R. II. 28), wLilst Proust was able to 
show that it had no sufficient experimental basis. 

The law of multiple proportions supported by Thomson 
(1808), by Wollaston (1808) and by Gay-Lussac (1809). 

As soon as the law of multiple proportions had been 
discovered, ample evidence in support of it was forthcoming. 
Thomas Thomson, whose History of Chemistry is of undi- 
minished value after being in use for more than a century, 
directed attention to the existence of two series of oxalates, 
and especially of two potassium oxalates and two strontium 
oxalates. The composition of these oxalates showed the 
following simple relationship : 

“Suppose 100 parts of potash; if the weight of acid 

^ Daltun gives the proportions as 7 : 10, 7:5, 14 : 5. 

The actual proportions are . . 4 : 7, 8 : 7, 16 : 7. 

2 Dalton gives the proportions as 7 : 5, 14 : 5- 
The actual proportions are . .4:3, 8:3. 


X 
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necessary to convert this quantity into oxalate be .r, then 
2X will convert it into superoxalate.” 

“ It appears that there are two oxalates of strontian. . . . 
It is remarkable that the first contains just double the pro- 
portion of base contained in the second^’ (A.C.R. II. 41). 

In a paper (A.C.R. IL 34-40) read before the Royal 
Society on Jan. 28, 1808, a fortnight after Thomson’s, 
William Hyde Wollaston, the Secretary, showed that a third 
oxalate of potash existed, the relative quantities of acid in 
the three salts being in the ratio 1:2:4. He also showed 
that in the twp series of carbonates the quantities of gas 
were in the ratio i : 2, since 4 grains of the bicarbonate,^ 
when converted into the carbonate by heating it, lost the 
same amount of gas as 2 grains of the same salt when 
wholly decomposed by acid ; these observations are com- 
firmatory of those made 40 years before by Cavendish 
(p. 69). Again, in the case of the sulphates, Wollaston 
found that “super-sulphate^ of potash may be shown to con- 
tain exactly twice as much acid as is necessary for the mere 
saturation of the alkali present.” 

The gases which supplied Dalton with illustrations of the 
law of multiple proportions were studied much more care- 
fully by Gay-Lussac, who in his paper on the combining 
volumes of gases (1809) quoted additional cases and pro- 
vided more exact data, all tending to uphold the validity of 
the law (see below, pp. 331-335). 

The law of multiple proportions stated and proved by 
Berzelius (1810). — One of the first chemists to feel 
the fascination of the new problem of chemical pro- 
portions was Berzelius, who published in 1810 a 
“ Research, to determine the fixed and simple Propor- 
tions, in which the Constituents of inorganic Nature 

^ Wollaston speaks of sub-carbonate (= carbonate) and carbonate 
( A bicarbonate) ; sulphate and super-sulphate ( = bisulphate) ; oxalate, 
bino^^^^^te, and quadroxalate. 
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are combined with one another ; ” this was translated 
into German and published as a series of papers in Gilbert’s 
Anna/e//, 1811-1812, and has been reprinted as No. 35 of 
Ostwald’s Klassiker. Admitting at once the truthfulness of 
Proust’s view that substances could only combine together 
in a series of fixed proportions, he had already found in his 
own work some evidence that these fixed proportions were 
related together in a very simple way. Further experiments 
on the same range of compounds that had been studied by 
Proust enabled him to assert that 

“ If two substances, A and B, combine with one another 
in different ratios, this always takes place in the following 
definite ratios: 1 A with iB (minimum); lA with i|B (or 
perhaps more correctly 2 A with 3B) ; lA with 2B ; lA with 
4B. In my experiments there is no example of lA with 
3B {Fixed Proportions^ 1811-1812 ; Klassiker, XXXV. 5). 

The following cases were -studied by Berzelius : — 


l.ead and Oxygen. 


Brown oxide 
Yellow oxide 


Sulphuric acid ^ 
Sulphurous acid ’ 

Sulphur and Oxygen. 

Black oxide 

Red oxide 

Copper and Oxygen. 

Maximum 

Minimum 

Iron and Sulphur. 

IS: ’5873/ 1-993 = * 

F'erric oxide 
Ferrous oxide 

Iron and Oxygen. 


In each of these cases, the exact analyses of Berzelius 
enabled him to recognise the validity of the law of multiple 
proportions, which had remained disguised in the rougher 
analyses of Proust. 

^ i.e. sulphuric anhydride and sulphurous anhydride. 

X 2 
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Accuracy of the law of multiple proportions. — The 

measurements of Stas provide two opportunities of testing 
the exactness of the law of multiple proportions. 

(1) Dumas and Stas, in 1841 (see above, p. 148), showed 
that 100 parts of carbonic anhydride contain 

carbo?i 27*27 per cent., 

oxygen 72*73 per cent. 

Stas, in 1849 above, p. 151), showed that 224*683 
grams of carbonic oxide combined with 128*367 grams of 
oxygen to form 353*050 grams of carbonic anhydride. 
Therefore, 100 parts of carbonic anhydride contain 
caf'bonic oxide 63*64 per cent. 

oxygen 36*36 per cent. 

Thus 27*27 grams of carbon unite with 72*73 grams of oxygen 
to form 100 grams of carbonic anhydride, and with 
63*64—27*27 = 36*37 grams of oxygen to form 63*64 grams 

of carbonic oxide. The ratio If Z? = l» 9997 . This ratio 

36*37 

differs from the integral ratio 2 : i by only one part in 7000 
or 0*015 per cent, 

(2) Stas’s analysis of silver sulphate [Works^ I. 410) 
showed that it contained 69*203 per cent, of silver^ united 
with 69*203 X 14*85 ! “T 100= 10*278 per cent, of sulphur and 
100-69*203 — 10*278 = 20*519 per cent, of oxygen. In 
the sulphate, then, 100 parts of silver are united with 
20*519-^69*203 X 100 = 29*650 parts of oxygen. 

A second relationship between oxygen and silver is 
afforded by the fact that 100 parts of silver were precipi- 
tated by 69*103 parts of potassium chloride, which could be 
derived from potassium chlorate containing 60*846 per cent, 
of the salt and 39*154 per cent, of oxygen; 69*103 parts 
of chloride would therefore combine with 

69 1 03 X = 44467 


parts of oxygen. 
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In the sulpliate then the ratio of silver to oxygen is 
100 : 29-650, the corresponding ratio derived from the study 
of the chlorates is 100 : 44*467. These two quantities of 

oxygen are in the ratio = 1 ‘ 4997 . This differs from 

29*650 

the integral ratio 3:2 by only i part in 5000 or 0*02 per 
cent. 

D. Reciprocal Proportions 

The law of reciprocal proportions. — The law of 

RECIPROCAL proportions deals with the case in which two 
elements combine with a third element, and also with one 
another. It states that : 

The relative proportiofis in which tiefo elements combine ivith 
a third element are ifi a simple ratio to those in which they 
combifie with a fourth element or 7 vith one another. 

The significance of the law may be illustrated by a simple 
example. In water, i part of hydrogen is combined with 8 
parts of oxygen ; in marsh gas it is combined with ^ parts 
of carbon^ whilst in olefiant gas it is combined with 6 parts 
of carbon^ just twice as much as in marsh gas. What will 
happen if oxygen on the one hand combines with carbon on 
the other ? 'The law of reciprocal proportions suggests that 
these elements will combine with one another in the 
proportion 

oxygen : carbon = 8 : 3 or 8 : 6 

or some simple multiple of these numbers. The two pro- 
portions suggested by the law are found in fact to be those 
in which the elements are united in carbonic anhydride and 
in carbonic oxide respectively ; in a more recently discovered 
suboxide of carbon the proportions are 

oxygen : carbon — 8:9. 

Again, suppose that oxygen and carbon unite with a fourth 
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element such as sulphur, instead of with one another. The 
law of reciprocal proportions suggests that equal quantities 
of sulphur will combine with 8 parts of oxygen and with 3 
parts of carbon, or with some simple multiple of these 
numbers. In practice it is found that 16 parts of sulphur 
unite with 3 parts of carbon and with 2x8=16 or with 
3 X 8 = 24 parts of oxygen. 

Like the two preceding laws, the law of reciprocal pro- 
portions may be interpreted most easily with the help of 
Dalton’s atomic theory. But as an experimental law it 
had been recognised and used twenty years previously. 
Thus Cavendish had recognised in 1788 {Phil, Trans.,, 78 , 
178) that the quantities of nitric and sulphuric acid which 
neutralised equal weights of potash would also decompose 
equal weights of marble. The weights of potash and of 
marble which saturated the same quantity of acid he had 
described as long ago as 1766 as equivalent to one another 
(“On Rathbone Place Water,” Phil, Trans.,, 1767, 57 , 102). 

The law of reciprocal proportions was developed and 
tested experimentally for a large range of acids and bases by 
the German chemist J. B. Bichter (1762-1807) in his 
Stocliiornetry (1792-1794) and in a series of eleven volumes 
on New Chemical Topics., published between 1791 and 1802. 
Richter noticed that : 

“ When two neutral solutions are mixed, and a decom- 
position follows, the new resulting products are almost with- 
out exception neutral also.” 

“The elements must, therefore, have amongst themselves 
a certain fixed proportion of mass” [Stocliiornetry^ I. 124).^ 

Thus muriate of lime and sulphate of ammonia, when 
mixed together in solution, were changed into sulphate of 
lime and muriate of ammonia. The sulphate of lime 

^ Quoted from Angus Smith’s Dalton and the Atomic Theory (1856), 
p. 190. In this book, twenty pages are given to translations from 
Richter’s works. 



XIV THE ATOMIC THEORY 311 

separated as a white precipitate of gypsum, but the 
neutrality of the solution was not affected by the double 
decomposition and the liquid above the precipitate con- 
tained nothing but perfectly-formed common sal-ammoniac 
(Angus Smith, p. 207). No free acid or alkali was produced 
because the relative weights of alkali and of earth required 
to saturate one acid could be shown to be the same as those 
required to saturate the other ; the lime and sulphuric acid 
combining to form gypsum, therefore, liberated ammonia 
and muriatic acid in exactly the right proportions to form 
a neutral solution of sal-ammoniac.^ 

Richter’s observations were collected by one of his con- 
temporaries ^ into a table which shows the weight of base 
which will neutralise 1,000 parts of sulphuric acid or a tab- 
ulated quantity of any other acid. A part of this table is 
reproduced below. 


EQUIVALENT WEIGHTS OF 


(l) BASES 


(2) 

ACIDS 

Alumina 

525 

Hydrofluoric . 

• 427 

Magnesia 

615 

Carbonic 

• . 577 

Ammonia 

. 672 

Muriatic 

712 

Lime 

• 793 

Oxalic 

• • 755 

Soda 

• 859 

Phosphoric 

. 979 

Strontia . 

■ 1329 

Sulphuric 

. 1000 

Potash . 

1605 

Nitric 

• *405 

Baryta . 

. 2222 

Acetic 

. 1480 


1 Wenzel, who studied {Theory of Affinity ^ Dresden, 1777) the mixing 
of copper sulphate with lead acetate to produce lead sulphate and 
copper acetate, concluded from his analyses that the acetic acid set free 
from the acetate of lead was not sufficient to dissolve the copper set free 
from the sulphate of copper ; he calculated that 9J out of 124 parts of 
copper would remain undissolved in the precipitate of sulphate of lead. 
There is therefore no justification for the circumstantial statement of 
Berzelius, which attributes to Wenzel the discovery of the law 
enunciated fifteen years later by Richter. 

2 Fischer, in German translation (1802) of Berthollet’s Researches on 
the Laws of Affinity \ quoted by Berthollet, Che^n. Statics^ tr. 1S04, 
I. 402. 
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Berzelius’s work on equivalents. — The importance of 
Richter’s observations was realised, perhaps for the first time, 
by Berzelius, who writes : 

“It follows from the researches of Richter, that from 
good analyses of a few salts, one could calculate with 
precision the composition of all the others. 

“I formed [in 1807] the project of analysing a series of 
salts, with the idea that it would be superfluous to examine 
the others.” Thus 

“It is evident that if analyses are made of all the salts 
formed by one acid, for instance, by sulphuric acid with all 
the bases, and of those formed by one base, for example 
baryta with all the acids, one would have the necessary 
data to calculate the composition of all the salts formed by 
double decomposition, provided that they retained their 
{Chemical Froportio?is^ 1819, 16). 

To Berzelius belongs the credit of having done more 
than any of his contemporaries to provide the data whereby 
the composition of a large range of compounds might be 
calculated from the results of a few careful analyses, — not 
merely in the case of acids, bases and salts, but throughout 
the whole field of chemical combination. 

The proportions oy weight in which elements and com- 
pounds interact with one another are described as their 
EQUIVALENTS or COMBINING WEIGHTS. As these Weights 
are all relative, some standard has to be selected to 
take the place of the r,ooo parts of sulphuric acid used 
above in summarising Richter’s data. 

Dalton selected one part of hydrogen, whilst Berzelius 
preferred one hundred parts of oxygen. The standard used 
at the present time is eight parts of oxygen, so that “ The 
equivalent of an element is that weight which combines 7 vith 
eight parts by weight of oxygen P 

The choice of oxygen instead of hydrogen as the stan- 
dard has the practical advantage that all the elements 
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except fluorine combine directly with oxygen, whilst the 
formation of hydrides, at least in the case of the metals, is 
the exception rather than the rule. The figure 8 is chosen 
because it gives for hydrogen a value, i *008, which approxi- 
mates very closely to unity. 

Table of equivalents of elements. — The following table 
shows the equivalents or combining weights of some of the 
common elements. 


Hydrogen . 

. . roo8 

Lithium . 

. . 6*940 

Carbon 

. 3*00 

Calcium . 

. . 20*04 

Oxygen 

exactly 8 

Sodium 

. 22*997 

Nitrogen (i 

n nitrous 

Copper 

. 31*78 

oxide) 

. 14*008 

Potassium 

. 39*096 

Sulphur 

. 16*03 

Mercury . 

. 100*30 

Chlorine 

• 35*457 

Lead 

. 103*61 

Bromine 

• 79-916 

Silver 

. 107*880 

Iodine 

. 126*92 



The table 

shows at a glance the composition of lime as 


containing 20*04 parts of calcium combined with 8 parts of 
oxygen, whilst litharge contains 103*61 parts of lead com- 
bined with 8 parts of oxygen. Muriate of lime or calcium 
chloride contains 20*04 parts of calcium combined with 
35*457 parts of chlorine, whilst common salt contains 22*997 
parts of sodium combined with 35*457 parts of chlorine. 

In drawing up a table of equivalents it is customary, 
when multiple proportions are observed, to tabulate the 
equivalent of the element as deduced from the analysis 
of one compound, selected as typical, and to represent the 
composition of the others by multiples of the tabulated 
equivalents. Thus, in the table, carbon and oxygen are 
shown as uniting together in the ratio 3*00 to 8 to form 
carbonic anhydride ; but they also unite in the ratio 
2 X 3*00 to 8 to form carbonic oxide. Again carbon and 
hydrogen unite in the ratio 3*00 to 1*008 in marsh gas, but 
in the ratio 2 x 3*00 to I'ooS in olefiant gas. Such multiple 
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proportions are particularly common in compounds of three 
or more elements, e.g. 

Litharge . . . lead : oxygen = 1 03*61 : 8 

and 

Sulphuric anhydride . sulphur : oxygen = 16*03 -3X8 
unite in these proportions to form 

Lead sulphate . . lead : sulphur : oxygen 

= 103*61 : 16*03 14X8 

Equivalents and atomic weights. — The possibility of 
making use of a series of equivalents to express the propor- 
tions in which elements combine together finds an obvious 
explanation in the atomic theory. But, whilst the equivalents 
and the atomic weights are closely related to one another, 
they are not necessarily identical. Tlius, in the case of 
hydrogen and oxygen the w^eights in which the elements 
combine together to form water are approximately i to 8. 
These are, therefore, the equivalents, or combining weights, 
of the two elements. But whilst Dalton preferred to regard 
water as a compound of i atom of hydrogen with i atom 
of oxygen, Berzelius regarded it as a compound of 2 atoms 
of hydrogen with i atom of oxygen. On Dalton’s hypo- 
thesis the equivalents and the atomic weights are both 
expressed by the numbers 1 : 8, i.e. water is composed of 
one atom of hydrogen of weight i, and one atom of oxygen 
of weight 8. On Berzelius’s hypothesis the equivalents are 
still in the ratio i : 8, but the atomic weights were given as 
6*2177 : 100 ~ I : t 6 , i.e, water is composed of two atoms 
of hydrogen of weight 1, and one atom of oxygen of weight 
16, the combining ratio being 2 x i : 16= i : 8 as before. 
The numbers expressing the equivaknt and the atomic weight 
of an element ffiust, however^ be in a simple integral ratio to 
one afioiher^ e.g. in the above instance 2 : i, or, in general, 
m \ n. 

It may be noted that analytical data, such as those em- 
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ployed by Dalton, can only give the equivalents of the 
elements and not their true atomic weights. Dalton’s table 
of atomic weights was thus really only a table of equivalents, 
selected so as to give the simplest possible formulae to the 
difTerent compounds, but bearing little resemblance to the 
real atomic weights as determined by the methods described 
in the following chapter. The only check upon his arbitrary 
selection of formulae was that a heavy gas was usually 
represented as containing more atoms than a lighter one ; 
for this reason he regarded carbonic oxide as a binary 
compound, and carbonic anhydride as ternary, and therefore 
calculated the atomic weight of carbon from the ratio 6 : 8 
of carbon to oxygen in carbonic oxide instead of from the ratio 
3 ; 8 of the combining weights of the two elements in car- 
bonic anhydride. 

Stas’s determination of equivalents.— A description has 
already been given of the methods used by Stas in deter 
mining the combining weights of carbon with oxygen 
(pp. 148 — 153). During a period of about 25 years, ending 
in 1882, Stas determined with extreme care and accuracy 
the combining weights of all the elements quoted in 
the above table, with the exception of calcium, copper 
and mercury. I'he method he adopted was as 
follows : 

(i) Potassium chlorate, which contains six equivalents of 
oxygen in combination with one of potassium and one of 
chlorine, was converted into potassium chloride 

(a) By ignition 

(b) By heating with hydrochloric acid. 

It was found that 100 parts of potassium chlorate gave 
60*846 parts of potassium chloride, so that 6x8 parts of 
oxygen were combined with 48-— (100 - 60 846) x 60*846 = 
74*592 parts of potassium chloride ; this number is, 
therefore, the equivalent of potassium chloride. 
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(2) The weight of potassium chloride was determined 
which was required to precipitate (as silver chloride) a known 
weight of silver dissolved in nitric acid. It was found that 
74*592 parts of potassium chloride would precipitate 107*943 
parts of silver ; this number is the equivalent of silver. 

(3) By a variety of methods it was found that 100 parts 
of silver combined with 32*845 parts of chlorine to form 
132*845 parts of silver chloride; since in these 
experiments 107*943 parts of silver combined with 

X 107*943 = 35*454 parts of chlorine, this number 

was the equivalent of chlorine. 

(4) Subtracting 35*454 (the equivalent of chlorine) from 
74*592 (the equivalent of potassium chloride) the equivalent 
of potassium is found to be 39*138. 

At the close of his work Stas had determined the 


equivalents 

of ten elements, 

as follows : 


Nitrogen 

. 14-055 

Lithium . 

7*022 

Sulphur 

16*037 

Sodium . 

23*0455 

Chlorine 

• • 35*457 

Potassium 

39*1425 

Bromine 

79*955 

Lead . 

103*456 

Iodine 

. 126*848 

Silver 

. 107*930 


A comparison with he list of equivalents given in the table 
above (p. 313) will show that Stasis final values (which differ 
slightly from those worked out in the four preceding para- 
graphs) are almost identical with those accepted at the 
present time. 

Accuracy of the law of reciprocal proportions. — Perhaps 
.the best proof of the accuracy of the law of reciprocal pro- 
portions is the existence of tables of atomic w^eights, which 
chemists everywhere use to calculate the composition of their 
compounds, rather than trust to even the best of their own 
analytical data. Further evidence is afforded by the main- 
tenance of neutrality when neutral salts interact, as noticed 
first by Richter (p. 310). The question was, however, tested 
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definitely in 1811-1812 by Berzelius, who showed that 10 
grams lead sulphide could be oxidised to lead sulphate with- 
out leaving any excess of litharge or of sulphuric acid thus 
proving “ that lead sulphide contains its two constituents in 
the exact ratio required for the formation of lead sulphate ” 
(Fixed Proporfio 7 is^ 1811-1812 ; Ostwalds Klassikcr^ 
XXXV. Ii). 

A still more stringent test was carried , out by Stas, in 
1865 (JVorkSy I. 481-536), in response to the criticisms of 
Marignac. Stas removed the oxygen from silver iodate and 
examined the silver iodide produced, in order to sec if it 
contained any excess of silver or of iodine. 'Fhe excess was 
always less than i part in a million, and was often quite im- 
perceptible, showing that the pfvportion by 2 V€iy;ht of silver 
to iodine^ in the iodate and in the iodide^ is invariably the sa?fie 
( Worksy I. 500). Similar experiments were made with silver 
bromate, using about 20 grams for each experiment. In the 
case of silver chlorate, “259*4535 grams of this salt were 
transformed into chloride without liberating a trace of silver 
or of chlorine,” thus proving that the proportion by iveight of 
silver and of chlorine is absolutely the same in the two salts 
(WorhSy I. 535). Although so many years have elapsed 
since this test was carried out by Stas, it would scarcely be 
possible to devise a more stringent proof of the accuracy of 
the law of reciprocal proportions. 

Summary and Supplement. 

John Dalton, about the year 1802, whilst studying the nature 
of the atmosphere, revived the atomic theory of the Greek* 
philosophers and suggested that the “simple atoms” of an 
element (i) are all alike in size and weight, and (2) cannot be 
created or destroyed ; but (3) may unite with other atoms in 
simple ratios to form “ compound atoms,” or molecules, as they 
arc now called. These atoms were represented by symbols, e,g. 
hydrogen 0 , oxygen Q? water OO? which Berzelius, in 1819. 
replaced by letters eg. H, O, H + O. 
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The atomic theory afforded an obvious explanation of - 

(1) The Law of Fixed Proportions. “ d'he elements combine 
together in fixed proportions by weig;ht.” 

(2) The Law of Mtdtiple Proportions. When two compounds 

are formed, these proportions arc in a simple ratio.” 

(3) The Law of Reciprocal Proportions. “ The proportions 
in which two elements combine with a third are in a simple 
ratio to those in which they combine with a fourth element or 
with one another.” 

The Law of Reciprocal Proportions as applied to acids and 
alkalis was tacitly assumed by Cavendish, when in 1766 he 
referred to certain quantities of marble and of potash as 
equivalent to one another in their power of neutralising acids. 
It was formulated more definitely about 1792 by J. B. Bichter 
(1762 — 1807), who showed that neutral salts remain neutral 
after double decomposition because the acids and alkalis 
unite reciprocally in equivalent quantities, e.g. the quantities 
of lime and potash which neutralise a fixed weight of sulphuric 
acid are identical with those required to neutralise a (different) 
fixed weight of nitric acid. A complete table of equivalents of 
acids and alkalis was drawn up by Fischer in 1802. 

Berzelius in 1807 recognised the practical value of the Law 
of Reciprocal Proportions as consisting in the fact that, after 
analysing carefully the compounds of all the bases with ie.g.) 
sulphuric acid and oi all the acids with {e.g.) baryta, one could 
calculate the composition of all other neutral salts. He applied 
the same idea to the elements and set to work to determine 
their combining weights by the exact analysis of a few typical 
compounds of each. This work was continued by J. S. Stas 
(1813 — 1891), who determined with extraordinary care the equiv- 
alents of carbon, nitrogen, sulphur, chlorine, bromine, 
iodine, lithium, sodium, potassium, lead and silver. In later 
years similar work was carried on by Prof. Guye at Geneva and 
by Prof. T. W. Richards at Harvard University. 

Lists showing the chief analyses used in determining the 
equivalents or combining weights of the elements have been 
given by {Outlines of General Chemistry.^ tr. 1912, pp. 

126 to 150), and by Freund {Study of Chemical Composition.^ 
1904, pp. 220 to 224). 
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It should be noted that Dalton had no trustworthy method of 
finding out the numbers of atoms of each element which were 
present in the molecule (Dalton^s “ compound atom ” ) of a 
compound : his tables of atomic weights were therefore similar 
to a modern list of equivalents or combining weights. 



CHAPTER XV 

THE MOLECULAR THEORY 

A. The Properties of Gases 

The atomic and molecular theories. — The chief purpiose 
of Dalton’s atomic theory was to explain the laws which 
determine the composition of chemical compounds. The 
molecular theory, which we owe to Avogadro, was on the 
other hand very largely a physical theory, introduced in 
order to account for the extremely simple properties which 
characterise all substances when in the gaseous state. This 
simplicity is specially obvious in the changes of volume which 
are produced by 

(1) changes of pressure (Boyle, 1662) ; 

(2) changes of temperature (Charles, 1787) ; 

(3) chemical combination (Gay-Lussac, 1809). 

Boyle (1660) shows that air is an elastic fluid.” — In 

his “New Experiments, Physico-Mechanical, touching the 
Spring of the Air, and its Effects,” published in 1660 
{Works^ 1725 , IL 407-474), Boyle described an air-pump 
(f ig- 45) which was an improvement upon the pump used by 
Otto von Guericke in the celebrated experiment of the Magde- 
burg hemispheres (1654). With the help of this pump Boyle 
showed that a bladder, strongly tied at the neck, could be 
dilated and even burst by the “ spring ” of the air which 
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Fu:, 45 — Uovi.r’s PNKUAtATic Engine or Air Pump. 

The air was exhausted from the glass globe A by means of a sucking-pump 
supported on a wooden frame 12. The insets show: 1. A brass ring DE cemented 
to the lip BC of the large glass A : it carries a glass stopper FG, pierced in the 
middle to receive the brass key K. 2. The stopcock N, cemented above to tlie 
glass DA, and below to the top PQ of the sucking-pump. 3. The brass cylinder 3, 3 
of the sucking-pump, 14 inches long and 3 inches bore; the sucker 44 was fitted 
with a ring of tanned leather, and was driven by a handle 7 acting through a rack-and- 
pinion gear 5, 5. The cylinder was charged with a little oil or water to make the 
sucker air-tight. During the downward stroke of the sucking-pump, the valve R 
was closed and the tap N opened to admit air from the globe ; during the upward 
stroke N was closed and R opened. 
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it contained, if the air outside the bladder was removed by 
means of the pump {Works^ 1725, H- 413)* Quantitative 
measurements showed that air could be dilated in this way 
to 9, 32, or 60 times its original volume ; in an extreme 
case, a bubble of air possessing the space of bu one 
grain weight of water, ... by its own spring, was rarefied 
to one hundred and fifty-two times its former dimensions ; 
though it had been compressed only by the ordinary weight 
of the contiguous air” ( 1725, II. 415). Analogous 
experiments in which water was “ freed from the pressure 
of the atmosphere,” revealed numerous little bubbles, pro- 
duced by air lurking in the water, but gave no indication at all 
“ that water uncompressed, has an elastic power 428). 

A few years later Mayow show^ed that “ air in which an 
animal or a lamp had expired, possessed elastic force in an 
equal degree with unimpaired air.” He also experimented 
with gases prepared artificially by the action of acids on 
iron (Boyle, 1660; Works^ 1725, II. 432), and “ascertained 
that air of that kind expands to more than two hundred 
times its volume ; and indeed if it had been relieved from 
the pressure of the surrounding water, it would have ex- 
panded twice as much. Nor will common air, when treated 
in the same manner, expand more” (A.C.R. XVII. 115). 

By the experiments of Boyle and of Mayow, air was 
shown to be typical of a group of “ elastic fluids,” which 
differed from liquids in that they could expand in every 
direction when the pressure acting upon them was reduced. 
It was, however, left to Cavendish and to Priestley (p. 70) 
to show clearly that the different gases or “airs” which 
possess this remarkable property are distinct substances and 
not merely different varieties of common air. 

Boyle’s explanation of the “spring of the air.” In 
order to explain his observations, Boyle suggested : 

“ That there is a Spring, or Elastical power in the Air we 
live in. By which Spring of the Air, that which I mean is 
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this : That our Air either consists of, or at least abounds with, 
parts of such a nature, that in case they be bent or com- 
press’d by the weight of the incumbent part of the Atmo- 
sphere, or by any other Body, they do endeavor, as much 
as in them lies, to free themselves from that pressure, by 
bearing against the contiguous Bodies that keep them bent ; 
and, as soon as those Bodies are remov’d or reduced to 
give them way, by presently unbending and stretching out 
themselves, either quite, or so far forth as the contiguous 
Bodies that resist them will permit, and thereby expanding 
the whole parcel of Air, these elastical Bodies compose. 

‘‘ This Notion may perhaps be somewhat further explain’d, 
by conceiving the Air near the Earth to be such a heap of 
little Bodies, lying one upon another, as may be resembled 
to a Fleece of Wool. For this (to omit other likenesses 
betwixt them) consists of many slender and flexible Hairs ; 
each of which may, indeed, like a little Spring, be easily 
bent or rolled up ; but will also, like a Spring, be still 
endeavouring to stretch itself out again. ...” 

“ There is yet another way to explicate the Spring of the 
Air, namely, by supposing with that most ingenious Gentle- 
man, Monsieur Des Cartes, that the Air is nothing but a 
Congeries or heap of small and (for the most part) of flexible 
Particles ; of several sizes, and of all kind of Figures which 
are rais’d by heat (especially that of the Sun) into that fluid 
and subtle Etherial Body that surrounds the Earth ; and by 
the restless agitation of that Celestial Matter wherein those 
Particles swim, are so whirl’d round that each Corpuscle 
endeavours to beat oif all others from coming within the 
little Sphear requisite to its motion about its own Center ; 
and (in case any by intruding into that Sphear shall oppose 
its free Rotation) to expel or drive it away : So that accord- 
ing to this Doctrine, it imports very little, whether the 
particles of the Air have the structure requisite to Springs, 
or be of any other form (how irregular soever) since their 
Elastical power is not made to depend upon their shape or 
structure, but upon the vehement agitation, and (as it were) 
brandishing motion, which they receive from the fluid 
Ether that swiftly flows between them, and whirling about 
each of them (independently from the rest) not only keeps 
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those slender Aerial Bodies separated and stretcht out (at 
least, as far as the Neighbouring ones will permit) which 
otherwise, by reason of their flexibleness and weight, would 
flag or curl ; but also makes them hit against, and knock 
away each other, and consequently require more room, 
then that which if they were compress’d, they would take up, 

“ By these two differing ways, . . . , may the Spring of the Air 
be explicated. But though the former of them be that, which 
by reason of its seeming somewhat more easie, I shall for 
the most part make use of in the following Discourse : yet 
am I not willing to declare peremptorily for either of them, 
against the other (“ New Experiments touching the Spring 
of the Air,” 1660, pp. 22-26 ; compare Works^ 1725,11. 410). 

The second explanation, which Boyle borrowed from 
Descartes, resembled somewhat closely that which is gener- 
ally adopted at the present day under the name of the 
KINETIC THEORY OF GASES. According to this theory, gases 
consist of elastic particles, moving with a high velocity, and 
by their incessant collisions producing a constant pressure 
upon each other and upon the walls of the containing 
vessel. Their velocity is an expression of the heat energy 
which the gas possesses, and increases with the temperature 
in such a way that the temperature of a gas may be 
measured by the pressure which it produces in a vessel of 
given volume. 

Boyle (1662) measures the condensation and rarefaction 
of the air. Boyle’s law. 

In a Defence of the Doctrine touching the Spring and 
Weight of the Air .... against the Objections of Francis- 
cus Linus,” published in 1662, Boyle described “two new 
Experiments touching the measure of the Force of the 
Spring of Air compressed and dilated” {Defence^ pp. 57 68; 
WorkSy 1725, II. 670). 

In the first experiment, air was compressed by means of 
a column of mercury into one limb of a long glass tube, 
shaped like an inverted syphon (Fig. 46). The column of 
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air was gradually compressed from 12 to 3 inches, and the 
pressures (including the atmospheric pressure of 29 
inches) were measured for twenty-five different volumes of 
the air. These pressures were found to agree very closely 
with “ what that pressure should be according to the Hypo- 
thesis^ that supposes the pressures and expansions to be in 
reciprocal proportion.’' 

In the second experiment, on the debilitated force of ex- 
panded air, a slender glass tube was immersed in mercury 
and closed at the top with scaling wax, in such a way as to 
enclose a column of air an inch long. The tube was raised 
gradually until the air had expanded to 32 inches and the 
position of the mercury was read for a series of nineteen 
different volumes. Once again the pressures were found to 
agree closely with those calculated from the Hypothesis. 



Fig. 46— -Tube used in Boyle’s experiments on the Condensation 
OF THE Air. 


Boyle’s two tables are reproduced on p. 326, where all 
the numbers represent inches. 

The Hypothesis., now known as boyle’s law, states that 
if the temperature is constant the vohime of a gas is 
inversely proportional to its pressure. Although applied 
at first only to air, it was found to be approximately 
true for all other gases and vapours. But in no case is 
it accurately true ; thus in the case of both hydrogen 
and nitrogen the volume under a pressure of 300 atmos- 
pheres is about 25 per cent, greater than that calculated 
from Boyle’s law. 

Gay-Lussac (1802) measures the expansion of gases by 
heat. — -The fact that air is expanded by heat was well known 
in the time of Boyle (see, for instance, Boyle’s Works^ II. 
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A Table of the Rarefaction 
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A. The number of equal spaces in 
the shorter leg, that contained the same 
parcel of Air diversely extended, 

B. The height of the Mercurial 
Cylinder in the longer le,^, that com- 
pressed the Air into those dimensions. 

C. The height of a M ercurial Cylinder 
that counterbalanced the pressure of the 
Atmo^here. 

D. The Aggregate of the two last 
columns B and C, exhibiting the pressure 
sustained by the included Air. 

E. What that pressure should be 
according to the Hypothesis^ that sup- 
poses the pressures and expansions to be 
in reciprocal proportion. 


A. The number of equal spaces at the 
top of the Tul)e, that contained the same 
parcel of Air. 

B. The height of the Mercurial Cjdin- 
der, that together with the Spring of tlie 
included Air counterbalanced the pres- 
sure of the Atmosphere. 

C. The pressure of the Atmosphere. 

D. The complement of B to C, ex- 
hibiting the pressure sustained by the 
included Air. 

E. What that pressure should be ac* 
cording to the Hypothesis, 
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671). During the next hundred years many attempts were 
made to measure this expansion ; but the results were very 
irregular, mainly because the air, and the vessels in which it 
was contained, were not sufficiently dried. 

Still greater irregularities were observed when Priestley, in 
1777 (“Experiments on Air,” HI. 345-348), measured the ex- 
pansion by heat of different gases and found that 

“ The different kinds of air are expanded by the addition 
of ten degrees of heat according to Fahrenheit's thermo- 
meter, in the following proportion. 


Common air 

. 1-32 

Inflammal)lc air 

2 ’05 

Nitrous air 

2*02 

Fixed air . . ... 

2 ’20 

Marine acid air .... . 

• 1*33 

Dephlogisticaled air . 

2‘2I 

Phlogisticated air .... 

I 65 

Vitriolic acid air . 

2*37 

Fluor acid air 

. 2-83 

Alkaline air 

• 475 


{^Experiments and Observaiionsy V. 359). 

The fact “that oxygen, azote, hydrogen and carbonic 
acid, and atmospheric air expand equally between 0° and 
So"”’ was discovered by Charles about the year 1787, but 
his results were never published (Gay-Lussac, Ann, de 
Chimie, 1802, 43 . 157). The more detailed experiments 
“On the dilatation of gases and vapours,” which were 
described by Gay-Lussac in 1802 {/oc, cit, 13 7- 17 5), were 
made with the apparatus shown in Fig. 47, or with a modified 
apparatus in which the iron tap was replaced by a mercury 
valve. The expansion between the freezing-point and the 
boiling-point of water was measured by heating the gas to the 
temperature of boiling water, opening the tap to allow the 
excess of gas to escape, then cooling in ice and weighing the 
water that was drawn in when the tap was again opened under 
water. Six experiments with common air showed that 
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'‘From the temperature of melting ice to that of boiling 
water, equal volumes of atmospheric air represented by loo 
became 137 * 40 , i 37 ’bj, i37*44, i37*S5, 137*4^^, i37‘57, of 
which the mean is nearly 137*50'' {Joe. cit. p. 165). 



Fig. 47. -Gay-Lussac’s Apparatus for measuring the Expansion of 
Gases and Vapours. 

The globe B is provided with a tap worked by a lever LL. After filling it with 
gas, the globe is fixed in the iron cage EFGH and immersed in a copper vessel AU 
full of water. The curved tube ID le.ads to a trap KX filled with mercury. 

The increase of volume for four different gases was shown 
(Joe. cit. p. 167) in a table as follows : — 

Expansion. Differences, 

Atmospheric air • - • • 37 *50 — 

Hydrogen 37*52 4002 

Oxygen 37 *4^ -0*02 

Azote 37*49 -o*oi 
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In the case of five gases which were soluble in water com- 
parative experiments were made with tubes of carefully-dried 
gas inverted over mercury (Fig. 48), the expansion observed 
being identical in every case with that of atmospheric air. 
Gay-Lussac summarises his conclusions as follows : 

“The experiments which I have just described and which 
were all made with great care, prove incontestably that 
atmospheric air and oxygen, hydrogen, a/ote, nitrous gas, 
ammonia, muriatic gas, sulphurous acid, and carbonic acid 
are expanded ecjiially by 
the same degrees of heat ; 
and that, consecpiently, their 
greater or less density . . . , 
their greater or less solu- 
bility in water and their 
particular nature, have no 
influence on their expan- 
sion.” 

“ From thisconsideration 
1 conclude that all gases, 
in general, arc expanded 
e(]ually by the same degrees 
of heat ; provided that they 
are all placed under the 
same conditions ” {/oc. cit, 

P, 172). WITH THAT OK SOLUBLE GaSES AND 

^ ‘ ' VaI’OURS. 

The gases weie confined over metcury 

A further series of experi- jjJeVcmy ac 
ments on the expansion of 

the vapour of ether between 60° and 100° C. {/oc. cit, p. 173) 
carried out in the presence of Berthollet, showed that the 
law of equal expansions could be applied to vapours as well 
as to gases ; Gay-Lussac therefore concluded that they 
would probably be equally compressible, i.e, that the simple 
hypothesis of Boyle could be applied to vapours, so long as 
they remained uncondensed. All gases and all vapours would 
then be influenced in the same way by changes of pressure 
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and of temperature — a remarkable conclusion that has no 
parallel in the behaviour of liquids or solids. 

B. The Combining Volumes of Gases 

Cavendish (1781) measures the combining volumes of 
hydrogen and oxygen. — In his experiments on the com- 
position of water Cavendish found that 423 measures of 
hydrogen were just sufficient to remove the oxygen from 
1000 measures of air. If we assume that 20*9% of the 
atmosphere consists of oxygen, this would mean that 209 
measures of oxygen combine with 423 measures of hydrogen 
or 100 measures of oxygen with 202 measures of hydrogen. 
He also found that a mixture of 19500 grain measures of 
oxygen and 37000 of inflammable air, after a series of 
explosions, left a residue of 2950 grain measures of gas, of 
which about looo consisted of unburnt oxygen. If it be 
assumed that the remaining 1950 grain measures consisted 
of impurities, shared between hydrogen and oxygen in pro- 
portion to their original volumes, we find that 19500 - 1000 
-650=17850 measures of ox3^gen combined with 37000 
- 1300 = 35700 measures of hydrogen ; that is, one volume 
of oxygen combined exactly with two volumes of hydrogen. 

Gay-Lussac and Humboldt (1805) measure the 
combining volumes of hydrogen and oxygen.— In the 
year 1805, Gay-Lussac and Humboldt {Jour, de Physique, 
1805, 60, 129) attempted to determine the “Ratio of the 
Constituents of the Atmosphere” by exploding air with 
hydrogen in a Volta’s eudiometer and measuring the 
diminution of volume which resulted. In order to 
interpret their observations they found it necessary to make 
a fresh determination of the ratio by volumes in which 
hydrogen and oxygen unite. The most trustworthy series 
of experiments was one in which 100 parts .of oxygen (of 
which 99*6 parts could be absorbed by potassium sulphide) 
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were exploded with 300 parts of hydrogen and produced a 
diminution of 2987 parts by volume. In these experiments 
99*6 parts of oxygen united with 2987-99*6 ~ 199*1 parts of 
hydrogen, or 100 parts of oxygen united with 199*89 parts 
of hydrogen, a number that did not differ appreciably from 
that required for the exact integral ratio i : 2 (loc, cit, pp. 
146—147). 

Gay-Lussac (1809) states that gases combine in simple 
proportions by volume. — (i) The combination of ammonia 
7 cnth acids. This simple relationship between the combining 
volumes of hydrogen and oxygen was in such striking 
contrast with the complex ratio of the combining weights that 
Gay-Lussac (Mem. Soc. Arceui^ 1809, II. 207) proceeded to 
examine the ratios of the combining volumes of other gases. 
As the simplest case he studied first the combination of 
ammonia with acid gases, including muriatic acid gas and 
carbonic anhydride. He found that : 

“ 100 parts of muriatic gas saturate precisely 100 parts of 
ammonia gas, and the salt which is formed from them is 
perfectly neutral, whether one or other of the gases is in 
excess."' “If carbonic gas is brought into contact with 
ammonia gas, by passing it sometimes first, sometimes 
second into the tube, there is always formed a sub-carbonate 
composed of 100 parts of carbonic gas, and 200 of ammonia 
gas” (A.C R. IV. 10). 

(2) Composition by volume of ammonia^ sulphuric acid and 
carbojiic anhydride. Equally simple relationships were 
found to govern the proportions of nitrogen and hydrogen 
in ammonia gas, of “ sulphurous gas ” and oxygen in 
sulphuric anhydride, and of the carbonic oxide and oxygen 
in carbonic anhydride. 

“ According to the experiments of M. Amdd^e Berthollet, 
ammonia is composed of : 

100 of nitrogen, 

300 of hydrogen 


by volume. 
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have found (ist vol. of the Societ<f d'Arcueil) that 
sulphuric acid is composed of : 

loo of sulphurous gas, 

50 of oxygen gas. 

“When a mixture of 50 parts of oxygen and 100 of 
carbonic oxide (formed by the distillation of oxide of zinc 
with strongly calcined charcoal) is inflamed, these two gases 
are destroyed, and their place taken by 100 parts of carbonic 
acid gas. Consequently carbonic acid may be considered as 
being composed of : 

100 of carbonic oxide gas, 

50 of oxygen gas.” (A.C.R. IV. 13). 

(3) The oxides of nitrogen, Gay-Lussac next calculated 
from Davy’s analyses the volumes of nitrogen and oxygen 
which would be obtained from the oxides of nitrogen, if 
these could be decomposed into their elements, and showed 
thfit the volume ratios were again of the very simplest. 

“ Davy, from the analysis of various compounds of 
nitrogen and oxygen, has found the following ])roportions 
by weight : — 

Nitrogen. Oxygen. 

Nitrous oxide . . . .63*30 36*70 

Nitrous gas , . . . 44’05 55 ’95 

[Nitrogen peroxide] . . . 29*50 70*50 

Reducing these proportions to volumes, we find 

Nitrogen. Oxygen. 

Nitrous oxide . . . .100 49*5 

Nitrous gas 100 108*9 

[Nitrogen peroxide] . . . 100 204*7 


The first and last of these proportions differ only slightly 
from 100 to 50, and 100 to 200 ; it is only the second 
which diverges somewhat from 100 to 100. The difference, 
however, is not very great, and is such as we might expect 
in experiments of this sort ; and I have assured myself that it is 
actually nil. On burning the new combustible substance 
from potash in 100 parts by volume of nitrous gas, there 
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remained over exactly 50 parts of nitrogen, the weight of 
which, deducted from that of the nitrous gas (determined 
with great care by M. Berard at Arcueil), yields as result 
that this gas is composed of equal parts by volume of 
nitrogen and oxygen. 

We may then admit the following numbers for the pro- 
portions by volume of the compounds of nitrogen with 
oxygen. 

Nitrogen. Oxygen. 

Nitrous oxide 100 50 

Nitrous gas .... 100 100 

[Nitrogen peroxide] . 100 200” 

(A.C.R. IV^ 13-14.) 

From the observations recorded above Gay-Lussac 
concluded that “gases always combine in the simplest 
proportions when they act on one another^’ (A.C.R. IV. 15). 

Extension of the law of volumes to the products 
formed by the interaction of gases — Further experiments 
convinced Gay-Lussac that : 

“Not only, however, do gases combine in very simple 
proportions, as we have just seen, but the apparent con- 
traction of volume which they experience on combination 
has also a simple relation to the volume of the gases, or at 
least to that of one of them/^ 

“I have said, following M. Berthollet, that 100 parts of 
carbonic oxide gas, prepared by distilling oxide of zinc and 
strongly calcined charcoal, jiroduce 100 parts of carbonic 
gas on combining with 50 of oxygen. It follows from this 
that the apparent contraction of the two gases is precisely 
equal to the volume of oxygen gas added.” 

“ We know, besides, that a given volume of oxygen 
produces an equal volume of carbonic acid ; consequently 
oxygen gas doubles its volume on forming carbonic oxide 
gas with carbon, and so does carbonic gas on being passed 
over red-hot charcoal.” 

“ Oxygen gas, in combining with sulphur to form 
sulphurous gas, only experiences a diminution of a fiftieth of 
its volume, and this would probably be nil if the data I have 
iemployed were more exact.” 



334 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


“ Ammonia gas is composed of three parts by volume of 
hydrogen, and one of nitrogen, and its density compared to 
the air is 0*596. But if we suppose the apparent contrac- 
tion to be half of the whole volume, we find 0*594 for the 
density. Thus it is proved, by this almost perfect 
concordance, that the apparent contraction of its elements 
is precisely half the total volume, or rather double the 
volume of the nitrogen. 

“ We see, then, from these various examples, that the 
contraction experienced by two gases on combination is in 
almost exact relation with their volume, or rather with the 
volume of one of them ’’ (A.C.R. IV. 15-20). 

Gay-Lussac’s law of volumes. — Gay-Lussac summarises 
his conclusions in the following words : 

‘‘I have shown in this memoir that the compounds of 
gaseous substances with each other are always formed in very 
simple ratios, so that representing one of the terms by 
unity, the other is i, or 2, or at most 3. These .ratios 
by volume are not observed with solid or liquid substances, 
nor when we consider weights, and they form a new proof 
that it is only in the gaseous state that substances are in the 
same circumstances and obey regular laws. . . . The apparent 
contraction of volume suffered by gases on combination is 
also very simply related to the volume of one of them, and 
this property likewise is peculiar to gaseous substances 
(A.C.R. IV. 24). 

In order to include all the cases discussed in the memoir, 
Gay-Lussac’s law of volumes may be stated as follows : 

W/ien gases enter or leave chemical co?nbinatio7ij the volumes 
absorbed^ or liberatedy are in simple ratios to one another. 

Modification of Gay-Lussac’s law. — Later experiments 
have shown that Gay-Lussac’s law does not hold exactly. 
Thus, Scott (/%//. Trans, y 1893, 184 , 566), by exploding 
together gases of remarkable purity, found that hydrogen 
and oxygen combine together at ordinary temperatures in 
the ratio 2*00245 This deviation from Gay-Lussac’s 

law is confirmed by the work of Morley (p. 13 1), who found 
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the ratio at oX to be 2*00269. In the same way it has 
been shown that the volume of hydrogen contained in two 
volumes of hydrogen chloride is not i, but 1*00790 (Gray 
and Burt, Trans. Chem. Soc.^ 1909, 95 , 1656), whilst the 
combining ratio of hydrogen and nitrogen in ammonia is 
3*00172 (Guye and Pintza, Compies rendus^ 1908, 147 , 928). 

These deviations from exact whole numbers probably 
depend on the fact that gases differ slightly in their com- 
pressibility, so that equal volumes under a pressure of i 
atmosphere would become unequal under a pressure of 2 
atmospheres or I atmosphere. It is, however, believed 
that Gay-Lussac’s law would hold good accurately if the 
gases could be examined under very low pressures. 

Gay-Lussac’s law of volumes explained by the atomic 
theory. — Gay-Lussac’s observations provided excellent ex- 
amples of the laws of chemical combination described in 
the preceding chapter. Thus, no better illustration could 
be desired of the law of “ Multiple Proportions ” than the 
three oxides of nitrogen, the two oxides of carbon and the 
two oxides of sulphur, in which the proportions of oxygen 
to the other element were shown by Gay-Lussac to be in 
the ratios 1 : 2 : 4, i : 2 and 2 : 3 respectively. It is there- 
fore not surprising that Gay-Lussac was ready to interpret 
his observations by means of the atomic theory which 
Dalton had suggested a few years previously. 

“ According to Dalton’s ingenious idea, that combinations 
are formed from atom to atom, the various compounds 
which two substances can form would be produced by the 
union of one molecule of the one with one molecule of the 
other, or with two, or with a greater number, but always 
without intermediate compounds.” 

‘‘The numerous results I have brought forward in this 
Memoir are also very favourable to the theory” (A.C.R. 
IV. 23). 

The law of volumes rejected by Dalton.— It is, however, 
remarkable that Dalton, instead of welcoming the Law of 
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Volumes as giving support to his theory, refused to recognise 
its validity, and even proceeded to question the evidence on 
which it was based. The argument which influenced him 
so strongly is summarised in the following paragraphs. 

The simplest way of applying the atomic theory to gases 
was to assume that the space occupied by the atom (or 
molecule) was the same for all gases. This hypothesis was 
worked out by Dalton in the first volume of his “New 
System,” published in 1808, where he writes : 

“ At the time I formed the theory of mixed gases, I had 
a confused idea, as many have, I suppose, at this time, that 
the particles of elastic fluids are all of the same size ; that a 
given volume of oxygenous gas contains just as many 
particles as the same volume of hydrogenous ; or if not, 
that we had no data from which the question could be 
solved ” (A.C.R. IV. 6-7), 

“ By the size or volume of an ultimate particle, I mean 
in this place, the space it occupies in the state of a pure 
elastic fluid ” (A.C.R. IV. 6). 

But the logical consequences of the hypothesis were such 
that Dalton “ became convinced that different gases have 
not their particles of the same size,” and concluded : 

“ That every species of pure elastic fluid has its pa?iic/es 
globular and all of a size; but that no tuw species agree in the 
size of their particles, the pressure and temperature being 
the same ” (A.C.R. IV. 7). 

This conclusion was reached as the result of an argument 
which showed that, if the atoms or molecules of all gases 
occupied the same volume, there must be decrease of volume 
and an increase of density, whenever the atoms of two simple 
gases united together to form the molecules of a compound 
gas. But in the case of nitric oxide (nitrous air), Davy's 
observations showed : 

(i) That the volume of the gas was equal to that of its 
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constituents, which did not therefore contract in combina- 
tion, and 

(2) That whilst the density of the gas was a little greater 
than that of nitrogen it was actually less than that of the 
oxygen which formed one of its constituents. Davy’s actual 
figures ( Works, III. 9-10) were : 

Nitrogen 3o'45 grains per 100 cubic inches. 

Nitric oxide 34-3 „ „ „ „ „ 

Oxygen 3509 „ „ „ „ „ 

Dalton argues as follows ; 

“If equal measures of azotic and oxygenous gases \vere 
mixed, and could be instantly united chemically, they would 
form nearly two measures of nitrous gas, having the same 
weight as the two original measures ; but the number of 
ultimate particles could at most be one half of that before 
the union. No two elastic fluids, probably, therefore, have 
the same number of particles, either in the same volume or 
the same weight ” (A.C.R. IV. 5). 

When Gay-Lussac, in 1809, put forward his Law of Vol- 
umes, the simple hypothesis to which it seemed to point had 
therefore already been tested by Dalton, and found to be 
untenable. It is not surprising then that Dalton should 
become its foremost opponent, his repudiation extending 
even to a refusal to accept the experimental facts to which 
Gay-Lussac had called attention. In the second part of 
his “New System,” published in 1810, he sums up his 
criticism as follows : 

“The truth is, I believe, that gases do not unite in equal 
or exact measures in any one instance ; when they appear 
to do so, it is owing to the inaccuracy of our experiments. 
In no case, perhaps, is there a nearer approach to mathe- 
matical exactness, than in that of i measure of oxygen to 
2 of hydrogen ; but here, the most exact experiments I 

z 
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have ever made, gave 1*97 hydrogen to i oxygen’^ (A.C.R. 
IV. 27). 


C. Avogadro's Hypothesis 

Avogadro (1811) revives Dalton’s discarded hypo- 
thesis. — The suggestion as to the spacing of gaseous atoms, 
which Dalton had considered and rejected in 1808, was 
revived three years later, in 1811, by Amadeo Avogadro, 
(1776-1856) Professor of Physics at Turin, as the most 
obvious, perhaps even the only possible, method of 
explaining Gay-Lussac’s Law of Volumes, avogadro’s 
HYPOTHESIS, as it is now generally called, states that : 

“ When their temperatures and pressures are equal, equal 
volumes of different gases contain equal numbers of 
molecules r 

Later researches have proved the substantial truth, as 
w’ell as the usefulness of this hypothesis. But it is now 
recognised that (like Gay-Lussac’s Law of Volumes) it is 
strictly accurate only when applied to gases under very low 
pressures ; if applied to gases at atmospheric pressures, a 
correction must be made for their unequal compressi- 
bilities. 

Avogadro postulates complex molecules in gaseous 
elements. — The merit of Avogadro’s paper on the “ Relative 
Masses of Elementary Molecules,” consists in the fact that 
he was able to find a remedy for the defects which 
had proved fatal to the hypothesis as discussed and 
condemned by Dalton. Avogadro suggested that all 
difficulties would disappear if the molecules of an elementary 
gas consisted of groups of atoms, similar to those which 
formed the molecules of a compound gas. 

If the molecules of an element were indivisible they 
could never give rise to more than an equal number of 
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molecules of a compound ; a gaseous element could 
therefore never give rise to more than its own volume of 
a gaseous compound. But Gay-Lussac had shown that 
“ the volume of water in the gaseous state is . . . twice 
as great as the volume of oxygen which enters into it,’^ 
ix. I volume of oxygen produces 2 volumes of steam, 
or (on the theory of equal spacing) i molecule of oxygen 
produces 2 molecules of steam. 

“ But a means of explaining facts of this type in con- 
formity with our hypothesis presents itself naturally enough : 
we suppose namely that the constituent molecules of any 
simple gas . . . are not formed of a solitary elementary [atom], 
but are made up of a certain number of these [atoms] 
united by attraction to form a single [molecule] (A.C.R. 
IV. 31). 

When the element enters into combination, this molecule 
may be split into two or more parts, giving rise to two or more 
molecules of a compound, which would thus occupy a volume 
two or more times as great as that of the element. 

Avogadro pointed out that the molecule of an element does 
not usually split into more than two parts, although 
rightly enough he asserts the possibility of further sub- 
division. 

“ On reviewing the various compound gases most 
generally known, I only find examples of duplication of the 
volume relatively to the volume of that one of the con- 
stituents which combines with one or more volumes of the 
other. AVe have already seen this for water. In the same 
way, we know that the volume of ammonia gas is twice 
that of the nitrogen which enters into it. M. Gay-Lussac 
has also shown that the volume of nitrous oxide is equal to 
that of the nitrogen which forms part of it, and consequently 
twice that of Ihe oxygen. Finally, nitrous gas, which contains 
equal volumes of nitrogen and oxygen, has a volume equal 
to the sum of the two constituent gases, that is to say, 
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double that of each of them. Thus in all these cases there 
must be a division of the molecule into two ; but it is 
possible that in other cases the division might be into four, 
eight, etc.’’ (A.C.R. IV. 32). 

Molecules which can be divided into four atoms have 
since been found in the vapours of phosphorus and arsenic, 
whilst the vapour of boiling sulphur contains molecules 
which are divisible into eight atoms, exactly as suggested 
by Avogadro in the preceding paragraph. 

Molecular weights determined by means of Avogadro’s 
hypothesis. — Avogadro pointed out that, on the theory of 
equal spacing, the density of a gas is proportional to the 
weight of its molecules. 

“ Setting out from this hypothesis, it is apparent that we 
have the means of determining very easily the relative 
masses of the molecules of substances obtainable in the 
gaseous state ... for the ratios of the masses of the 
molecules are then the same as those of the densities of the 
different gases at equal temperature and pressure” (A.C.R. 
IV. 30). 

This argument may be illustrated by the following 
example. Suppose that the weights of i litre of oxygen 
and hydrogen are 1-42900 and 0*089873 gram respectively, at 
o°C and 760 mm. ; and that there are n molecules in i litre 
of either gas. Then : 

1*42900 grams _ Weight of i litre of oxygen, 

0*089873 gram Weight of i litre of hydrogen. 

_ Weight of n molecules of oxygen, 
Weight of n molecules of hydrogen. 

_ Weight of I molecule of oxygen, 
Weight of I molecule of hydrogen 
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For the purposes of the argument it is not necessary to 
know the actual number of molecules in the litre of gas, 
but modern experiments have shown that the number n has 
the value 3 x the probable error in this number being 
only about 10 per cent. The “ Avogadro constant,” 
which represents the number of atoms in the gram-atom or 
of molecules in the gram-molecule, e.g, oxygen atoms in 
16 grams of oxygen, or oxygen molecules in 32 grams of 
oxygen, has been found to be 0*6064 X lo^^. The mass of 
any individual atom or molecule is therefore i ’6sAf X 10'^* 
grams^ where Af is the atomic or molecular weight (O = 16). 

Complexity of gaseous molecules determined by means of 
Avogadro’s hypothesis. — The fundamental weakness of 
l.^alton’s Atomic Theory arose from the fact that he had no 
way of finding out how many atoms were present in the 
molecule of a given compound. He always chose the 
simplest formulae that were possible ; but this procedure 
was quite arbitrary, and it was not possible to say whether 
the conclusions arrived at were correct or not. Avogadro’s 
hypothesis had the merit of supplying a method by which 
the relative weights of the atoms, and their relative numbers 
in any given compound, could be determined from the 
properties of the substances themselves, instead of from the 
arbitrary whim of the investigator. The following examples 
were selected as illustrations of the new method : 

Water . — Dalton had supposed that water was formed by 
the union of one atom of hydrogen with one atom of 
oxygen. Avogadro recognising that : 

2 volumes of hydrogen + i volume of oxygen yield 2 

volumes of steam 

and that, therefore : 


2 molecules of hydrogen *f i molecule of oxygen yield 2 
molecules of steam, 
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regarded the molecule of water as “composed of a half- 
molecule of oxygen with one molecule, or, what is the 
same thing, two half-molecules of hydrogen” (A.C.R. IV. 
footnote, p. 32). 

Nitric Oxide and Ammonia . — In the same way Avogadro 
was able to show that since : 

1 volume of oxygen and i volume of nitrogen are 
present in 2 volumes of nitrous gas 

the molecule of nitrous gas is “ composed of a half- 
molecule of oxygen and a half-molecule of nitrogen ” 
(A.CR. IV. 36). So too in the case of ammonia, 
Berthollet’s observation that : 

2 volumes of ammonia are decomposed by sparking into 
I volume of nitrogen and 3 volumes of hydrogen 

led Avogadro to conclude that the molecule of ammonia 
is composed of one half-molecule of nitrogen combined with 
three half-molecules of hydrogen. 

Muriatic Acid . — Another case quoted by Avogadro is 
that of gaseous muriatic acid. 

“ It follows from the experiments both of Gay-Lussac and 
Thenard, and of Davy, that muriatic acid gas is formed by 
the combination of equal volumes of [chlorine] and 
hydrogen, and that its volume is equal to their sum. This 
means, according to our hypothesis, that muriatic acid is 
formed of these two substances united molecule to molecule, 
with halving of the molecule, of which we have had so 
many examples.” (A.C.R. IV. 44.) 

Here since : 

I volume of hydrogen and i volume of chlorine give 2 
volumes of hydrogen chloride, 

the molecule of hydrogen chloride is composed of one 
half-molecule of hydrogen and one half-molecule of chlorine. 
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In the case of each of the gaseous elements (hydrogen, 
oxygen, nitrogen and chlorine) discussed by Avogadro in 
this section of his memoir, the molecule was found to be 
divisible into two parts, but no further division was observed. 
The mdivisible atom was therefore probably the half molecule 
in the case of each of these gases. It should be observed, 
that the facts prove no more than that the molecule can be 
divided into some even number of atoms. In a later section 
further reasons will be given in support of the belief that in 
each of these cases not more than two atoms are contained 
in the molecules ; but other cases are known in which the 
molecules of a gas can be divided into 3, 4, 6 or 8 atoms. 

Avogadro’s h 3 rpothesis neglected for nearly fifty years. — 
It was unfortunate that Avogadro, having found a trustworthy 
method of determining the relative weights of gaseous 
molecules did not limit his deductions to those volatile 
compounds and elements to which alone his hypothesis 
could be applied. In attempting to extend his views to 
non-volatile compounds, such as the oxides and salts of the 
metals, Avogadro was compelled, like Dalton, to fall back 
upon mere guess-work. His speculations failed to secure 
the support of his contemporaries and may well have pre- 
judiced them against the accurate conclusions which he 
reached in the case of gaseous elements. But, whatever 
the cause, the fact remains that nearly half a century elapsed 
before Avogadro’s views, re-stated and applied, in 1858, by 
Stanislao Cannizzaro (1826 — 1910), Professor of Chemistry 
at Genoa (A.C.R. XVIIL), finally secured the universal 
recognition that they deserved. 


D. Determination of Molecular and Atomic 
Weights. 

Cannizzaro (1858) chooses the half-molecule of hydrogen 
as a standard of molecular and atomic weights.— In 
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measuring the density of a gas or vapour it is often conve- 
nient to calculate the density relatively to some selected gas 
as standard, rather than to give the actual density in grams 
per litre. Thus whilst the actual densities of air, oxygen, 
hydrogen and nitrogen may be compared at o”C. and 760 
mm. pressure, vapours such as steam cannot be included 
in the comparison because they would condense to liquids 
under the conditions selected. But as all gases expand and 
contract in much the same way (see Section A of this 
chapter), their relative densities are almost independent of 
temperature and pressure. A table of relative densities may 
therefore include vapours as well as gases ; e.j^. steam may 
be compared with air at 130", whilst hydrogen is com- 
pared with air at 20** or at 0°. Vapour densities, and 
gas densities, are often given relatively to air ; but hydrogen, 
as being the lightest known gas, is usually preferred as a 
standard, since the relative densities of all other gases can 
then be represented by numbers greater than unity. 

In selecting a standard of molecular weights, the hydrogen 
molecule would provide a convenient unit, since the rela- 
tive weights of gaseous molecules could then be represented 
by the same number as their relative densities. But 
since the hydrogen molecule is known to contain two atoms, 
its selection as a standard would necessitate the use of a 
fraction 0*5 to represent the hydrogen atom ; Cannizzaro 
therefore selected the half-molecule or atom of hydrogen as 
a unit both of molecular and of atomic weights. Cannizzaro 
writes (A.C.R. XVIIL 6-7): 

“ I prefer to take as common unit for the weights of the 
molecules and for their fractions, the weight of a half and 
not of a whole molecule of hydrogen, I therefore refer the 
densities of the various gaseous bodies to that of hydrogen =« 2. 
If the densities are referred to air = i, it is sufficient to 
multiply by 14*438 to change them to those referred to that 
of hydrogen = i ; and by 28*87 them to the density 

of hydrogen = 2. 
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‘‘I write the two series of numbers, expressing these 
weights in the following manner : 


Names of 
Substances. 

Densities or weights 
of one volume, the 
volume of Hydrogen 
being made=:l, i.e. 
weights of the mole- 
cules referred to the 
weight of a whole 
molecule of Hydro- 
gen taken as unity. 

Densities referred to 
that of Hydrogen = 2, 
i.e, weights of tlie 
molecules referred to 
the weight of half a 
molecule of Hydro- 
gen taken as unity. 

Hydrogen 

1 

2 

Oxygen, ordinary ... 

16 

32 

Oxygen, electrised . 

64 

128 

Sulphur below 1000®. 

96 

192 

Sulphur above 1000° 

32 

64 

Chlorine 

.35-5 

71 

Bromine 

80 

160 

Arsenic 

150 

300 

Mercury 

100 

200 

Water 

9 

18 

Hydrochloric Acid ... 

ib '25 

3 ^^' 5 o 

Acetic Acid 

1 

30 

60 ” 


The table shows amongst other things, “ that the same 
substance in its different allotropic forms can have different 
molecular weights,” but the data for ‘^electrised oxygen” 
are incorrect, the actual densities of ozone being 24 and 48 
instead of 64 and 128. 

Oxygen as a standard of molecular and atomic 
weights. — In Cannizzaro’s table, the hydrogen atom == i 
and the hydrogen molecule ~ 2. The relative density of 
oxygen is given as 16 and its molecular weight as 32. 
Later experiments have shown that the exact figures are 
i 5'88 and 3176. 

In recent years, in accordance with a suggestion made by 
Stas, the half-molecule or atom of oxygen has been adopted 
as a standard of molecular and atomic weights, its weight 




346 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


being taken as exactly i6, instead of 15 '88. The atomic 
weight of hydrogen then becomes i'oo78 instead of i and 
its molecular weight 2'oi56 instead of 2 ; all other molecular 
and atomic weights are increased in the same proportion. 

The choice of oxygen as a standard is justified by the fact 
that, in practice, molecular and atomic weights are nearly 
always measured by comparison with oxygen rather than 
with hydrogen. The actual results of this comparison can 
now be tabulated, whereas formerly the accuracy of the 
tables was greatly impaired in reducing the numbers from 
the oxygen to the hydrogen standard by means of a factor 
deduced from the composition of water. 

Avogadro’s hypothesis only approximately true.— 
Cannizzaro's method of deducing molecular weights has also 
been modified by the discovery that Avogadro’s hypothesis 
is only approximately true. Like Gay-Lussac’s “ Law of 
Volumes,” it would probably be exact if applied to gases 
under very low pressures. Several methods have been used 
to eliminate the effects of unequal compressibility on the 
relative densities of gases. The following table shows the 
nature of the correction, and the large magnitude which it 
attains in the case of easily-liquefied gases. 


Gas. 

Ratio of 
densities. 

Corrected 

Molecular 

Weights. 

Molecular 
Weight 
deduced 
from Equi- 
valents. 

Hydrogen 

20125 

2*0150 

2*0156 

Nitrogen 

28*007 

28013 

28*016 

Carbonic oxide 

28 *001 

28*003 

28*008 

Oxygen 

32 

i 32 

32 

Carbonic anhydride 

44 267 

44*003 

44*00 

Nitrous oxide 

44*284 

44*000 

44*016 

Hydrogen chloride 

36741 

36-484 

36 ' 46 S 

Sulphurous anhydride 

6s '536 

64565 

64*06 
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Cannizzaro’s method of determining atomic weights. — 

The method used by Cannizzaro in determining the atomic 
weight of an element depends on setting out in a table all 
those volatile compounds the vapour density and percentage 
composition of which are known. From the vapour density 
the molecular weight is calculated, whilst the percentage 
composition gives the weights of the different constituents 
in the molecular weight of the compound. 

The substance of Cannizzaro’s table ^ is set out in the 
first three columns of the following series of tables : — 


I. Hydrogen Compounds. H = i. 


Name of the 
Substance. 

Molecular 
weight 
referred 
to the 
weight of 
a half, 
molecule 
of Hydro- 
gen = I. 

Weights of the constituents 
of one molecule, all referred 
to a half-molecule of Hydro- 
gen = I. 

Formula. 

Hydrogen 

2 

2 Hydrogen 

IL 

Hydrogen chloride 

36-5 

I Hydrogen, 35 ’5 Chlorine 

I Hydrogen, 80 Bromide 

HCl 

Hydrogen bromide 

81 

lIBr 

Hydrogen iodide... 

128 

I Hydrogen, 127 Iodine 

HI 

Water- vapour 

iS 

2 Hydrogen, 16 Oxygen 

H,0 

Sulphuretted 

hydrogen 

34 

2 Hydrogen, 32 Sulphur 

H.S 

Ammonia 

17 

3 Hydrogen, 14 Nitrogen 

H:,N 

Arsine 

1 

1 3 Hydrogen, 75 Arsenic 

H,As 

Phosphine 

34 

1 3 Hydrogen, 31 Phosphorus 

H3P 


^ Cannizzaro gives a general table and a series of special tables for 
the individual elements. In the following paragraphs the general table 
has been subdivided, and a few additional substances, quoted in 
Cannizzaro’s special tables, have been added. The values for ozone 
and for phosphine have been corrected. 




348 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


It is seen that the quantity of hydrogen in the molecule is 
always a half-molecule or some integral number of half- 
molecules ; the half-molecule of hydrogen appears therefore 
to represent the extreme limit to which the subdivision of 
the molecule can be carried. Cannizzaro concludes that 
“The atom of hydrogen is contained twice in the molecule 
of free hydrogen” (A.C.R. XVIII. ii). 


2. Oxygen Compounds. 0=i6. 


Name. 

Mole- 

cular 

Weight. 

Composition of Molecule. 

Formula. 

Oxygen 

32 

32 O.xygen 

0, 

Ozone 

48 

48 Oxygen 


Water vapour ... 

18 

16 Oxygen, 2 Hydrogen 

Ollg 

Nitrous oxide 

44 

16 Oxygen, 28 Nitrogen 

16 Oxygen, 14 Nitrogen 

ON2 

Nitric oxide 

30 

ON 

Carlx)nic oxide ... 

28 

16 Oxygen, 12 Carbon 

oc 

Carbonic anhy- 
dride 

44 

32 Oxygen, 12 Carbon 

o.,c 

Sulphurous anhy- 
dride 

64 

32 Oxygen, 32 Sulphur 

O^S 


(See also under Carbon.) 


The smallest weight of oxygen in the molecule is i6. 
This is the weight of the oxygen atom and is now taken as 
the standard of comparison for all other atomic weights. 
The molecule of oxygen gas has weight 32 ; it is therefore 
a “ diatomic ” molecule containing two atoms, as represented 
by the formula ; but ozone, prepared from it by electri- 
fication, is seen to be a “triatomic” modification, containing 
three atoms in the molecule, as represented by the formula 
0 «. 
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3. Chlorine Compounds. C1--=35-5. 



M ole- 



Name. 

cular 

Weight. 

Composition of Molecule. 

Formula. 

Chlorine gas 

I fydrogen 

71 

71 Chlorine 

Cl, 

chloride ... 
Mercurous 

36 5 

35 5 Chlorine, i Hydrogen 

CIH 

chloride ... 
Mercuric 

235-5 

35*5 Chlorine, 200 Mercury 

ClHg' 

chloride . . 
Arsenic chlor- 

271 

71 Chlorine, 200 Mercury 

CI,Hg 

ide 

Phosphorus 

iSi's 

io6*5 Chlorine, 75 Arsenic 

CljAs 

chloride ... 
Ferric chlor- 

‘38-5 

106 ‘5 Chlorine, 32 Phosphorus 

Cl,!’ 

ide 

325 

213 Chlorine, 1 12 Iron 

ClgF e2 


The smallest weight of chlorine in the tabic is 35*5. 
This is therefore taken as the atomic weight of chlorine. 
The weight of the molecule is 71 ; it therefore contains 
(like the hydrogen molecule) 2 atoms, and is represented 
by the formula Clg. 


4. Nitrogen Compounds. N = 14. 


Name. 

Mole- 

cular 

Weight. 

Composition of Molecule. 

Formula. 

Nitrogen gas 

28 

28 Nitrogen ! 

No 

Ammonia 

1 17 

14 Nitrogen, 3 Hydrogen 

NH, 

Nitrous oxide 

44 

28 Nitrogen, 16 Oxygen 

Nod 

Nitric oxide 

30 

14 Nitrogen, 16 Oxygen 

NO 


The atomic weight of nitrogen is seen to be 14. The 
gas is again “diatomic,” containing two atoms in each 
molecule, and is represented by the formula Ng. 

^ See later, p, 529. 
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5. Sulphur Compounds. 8 = 32. 



Mole- 



Name. 

cular 

Weight. 

Composition of Molecule. 

Formula. 

Sulphur under I003° 

192 

192 Sulphur 


Sulphur above 1000° 
Sulphuretted 

hydrogen 

Sulphurous 

64 

64 Sulphur 

S2 

34 

34 Sulphur, 2 Hydrogen 

SHa 

anhydride 

64 

32 Sulphur, 32 Oxygen 

SOo 

Carbon sulphide ... 

76 

64 Sulphur, 12 Carbon 

SijC: 


The atomic weight of sulphur is seen to be 32. At 
temperatures above 1000** the vapour has a molecular weight 
64 ; the molecules of the gas are then diatomic like those 
of hydrogen, chlorine, nitrogen and oxygen. But at lower 


6. Carbon Compounds. C=i2. 


Name. 

Mole- 

cular 

Weight. 

Composition of Molecule. 

Formula. 

Carbonic oxide 

28 

12 Carbon, 16 Oxygen 

CO 

Carbonic anhydride 

44 

12 Carbon, 32 Oxygen 

CO.2 

Carbon bisulphide... 

76 

12 Carbon, 64 Sulphur 

CS2 

MaT.sh gas 

16 

12 Carbon, 4 Hydrogen 

CH, 

Ethylene 

Propylene 

28 

24 Carbon, 4 Hydrogen 

QH, 

42 

36 Carbon, 6 Hydrogen 

C^H^ 

Formic acid 

46 

12 Carbon, 2 Hydrogen, 
32 Oxygen 

CHA 

Acetic acid 

60 

24 Carbon, 4 Hydrogen, 
32 Oxygen 

p 

0 

Acetic anhydride . . . 

102 

48 Carbon, 6 Hydrogen, 
48 Oxygen 

24 Carbon, 6 Hydrogen, 
16 Oxygen 

CJI.Oj 

Alcohol 

46 

CjHfiO 

Ether 

74 

48 Carbon, 10 Hydrogen, 
16 Oxygen 

C4HJ0O 


^ See footnote on p.^ 351. 
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temperatures the molecules polymerise, i,e. collect together 
into larger groups of atoms, the average number of atoms in 
the molecule at the boiling point being about 6. ^ 

The smallest weight of carbon in the table is 12 ; this is 
therefore the atomic weight In the case of carbon, Can- 
nizzaro points out that “ since we cannot determine the 
vapour-density of free carbon, we have no means of knowing 
the weight of its molecule, and thus w^e cannot know how 
many times the atom is contained in it.’^ But this does not 
in the least affect our knowledge of the atomic weight of 
the element, since ‘‘ the knowledge of the weight of the 
molecule of this last would merely add a datum more to 
those which are already sufficient for the solution of the 
problem” (A.C.R. XVIII. 14). 


7. Phosphorus, Arsenic and Mercury. P = 3i, As = 7 5, 
Hg== 200 


Name. 

Mole- 

cular 

Weight. 

Composition of Molecule. 

Formula. 

Phosphorus 

124 

124 Phosphorus 

P4 

Arsenic 

300 

300 Arsenic 

- Asi 

Mercury 

200 

200 Mercury 

Hg 


(See also under hydrogen and chlorine.) 


The smallest quantities of these elements which are found 
in the molecules of their compounds are 31, 75 and 200 
respectively. The vapours of phosphorus and arsenic are 
therefore composed of *Hetratomic” molecules which are 
subdivided into quarter-molecules by combination with 
hydrogen or chlorine. The vapour of mercury on the other 
hand is composed of “ monatomic ” molecules, which 

^ Later work has indicated that the vapour is a mixture of Sg and 
Sg, the existence of Sg being very doubtful (p. 524). 
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enter as a whole into combination with other elements and 
are not capable of being further subdivided. “Diatomic” 
molecules, although abundant amongst the commoner gases, 
are by no means universal ; in a complete table of volatile 
elements the monatomic molecules are seen to be as 
abundant as the diatomic : 

Monatoviic Na, K, Zn, Cd, Hg, He, Ne, A, Xe, Kr, I 

Diatomic H2, Ng, Og, Fg, CI2, Brg, Ig, Sg, Nag, Kg, Hgg 

Triaiomic, ^c. O3, P4, As^, Sg. 

PormulsB of volatile compounds deduced by Cannizzaro. — 

Having established a method of determining the atomic 
weights of their constituents, Cannizzaro was able to assign 
formulae to a large number of volatile compounds. 

Thus in the case of ether, the molecular weight, 74, 
deduced from its vapour density, was shown by the analy- 
tical data to contain 


Carbon 48, Hydrogen 10, Oxygen 16 parts. 

Assuming the weights of the atoms to be 
Carbon 12, Hydrogen i, Oxygen 16 

it was clear that the numbers of atoms in the molecule were 


Carbon =4 Hydrogen -10 Oxygen ?- 
12 I 16 


= I 


and that the formula of the substance was 

C^HjoO. 

Formulae deduced in this way, being based directly upon 
Avogadro’s hypothesis, were entirely independent of the 
personal bias which had produced so much confusion 
during the preceding half-century ; it is therefore not sur- 
prising that they soon met with universal acceptance. 

The complexity of gaseous elements confirmed by 
measiu^ements of their heat capacity. — The conclusions of 
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Avogadro and Cannizzaro as to the number of atoms 
present in the molecules of various gases and vapours have 
been confirmed in a very striking way by independent 
physical methods. It is well known that the heat required 
to raise the temperature of a gas is greater when the gas is 
allowed to expand than when its volume is kept constant ; 
the ratio y of the two heat-capacities can be calculated to be 
5/3 = I ’67 for an ideal or “perfect gas.’' Experiment has 
shown that this value is rarely attained in the case of 
elements, and never in the case of compounds, and further 
that the value of y diminishes as the number of atoms in 
the molecule increases. Typical values are as follow's ; 


Substance. Ratio 7. 

Hg, He, Ne, A, Kr, Xe 1*67 

H.,, N.„ O.,, CO, HCi, HBr, HI y 

Clo, Br2, I.j, ClI I '29 to I -32 1 

COg, N.p, NOo I '31 


It will be seen from the table that the value 1*4 is 
characteristic for the lighter diatomic gases and the figure 
I '3 for the heavier diatomic and the lighter triatomic gases, 
whether elementary or compound, I’his observation supplies 
a remarkable proof of the correctness of Avogadro’s 
fundamental proposition, that the molecules of the 
elements nitrogen and oxygen are of the same complexity as 
those of the compound nitric oxide, that hydrogen and 
chlorine are as complex as hydrogen chloride, and so 
forth. 

Special interest attaches to the case of mercury, which falls 
into a special class, giving a value of y w'hich is much higher 
than the figure i *4 characteristic of the diatomic gases. In 
the case of so heavy a molecule this can only mean that the 
number of atoms is less than two ; the molecule must 

^ The value of 7 seems to depend on the moment of inertia of the 
molecules: the hydride HI has probably a smaller moment of inertia 
than Cly, although its weight is greater. 


A A 
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therefore be monatomic, a conclusion that is in agreement 
with the rather scanty data for the vapour density of 
mercury and its compounds (pp. 349 and 351). The same 
method of investigation has shown that the inert gases 
HELIUM, NEON, ARGON, XENON, and KRYPTON, discovered by 
Sir William Ramsay in atmospheric “azote,” are mon- 
atomic gases ; their atomic weights are therefore identical 
with the molecular weights calculated from their densities. 

Accurate determination of atomic weights. Valency. — 
The vapour-density of an element or compound can as a 
rule be determined only approximately. Moreover, even an 
accurate mearurement must be corrected for compressibility 
before it can be used to determine the true molecular weight 
of a volatile substance. It is therefore evident that the 
method described above does not lend itself readily to the 
accurate determination of atomic or molecular weights. 

On the other hand the equivalent of an element or 
compound can often be determined with extraordinary 
accuracy by gravimetric analysis : thus, the figures given by 
Stas for the weight of silver chloride produced from 100 
parts of silver show an average deviation from the mean of 
only I part in 40,000. 

132*841 132*840 132*846 132*842 
132*843 132*849 132*848 132*845 = Mean. 

It is therefore important to consider how these accurate 
analyses may be utilised in drawing up a table of atomic 
weights based upon Avogadro’s hypothesis. 

Dalton’s Atomic Theory finds expression in tables of 
combining weights or equivalents, based solely upon the 
chemical data supplied by analysis, e.g* : 

H= 1*008, C = 3’oo, 0 = 8 , S = 16*03, Cl ==35*46, etc. 

Avogadro’s hypothesis, on the other hand, finds its 
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expression in tables of molecular and atomic weights, based 
largely upon physical measurements of density, e.g. : 

H = i, C-I2, 0 =i 6 , S-32, Cl«35| 

A glance at the two lists shows that the atomic weights 
calculated from the vapour densities are either identical 
with, or are simple multiples of, the equivalents determined 
by analysis. The ratio of the atomic weight to the equiva 
lent is 'called the valency of the clement. As elements 
combine together in simple atomic proportions the valency 
must obviously be a simple number. In practice, therefore, 
measurements of vapour density are used to determine the 
valency of an element [i.e, the factor by which the equivalent 
must be multiplied to give the atomic weight) rather than 
the atomic weight itself. The accurate determination of an 
atomic weight therefore includes the following operations ; 

(1) By means of a series of exact analyses, the equivalent 
or combining weight of the element is determined with the 
greatest accuracy possible, 

(2) Vapour-density measurements are made with as many 
compounds as possible, but not necessarily attaining a very 
high order of accuracy. From these the approximate value of 
the atomic weight is easily deduced by Cannizzaro's method. 

(3) The ratio of the (approximate) atomic weight to the 
(exact) equivalent approximates so nearly to an integer that 
no doubt can exist as to the correct value of the valency. 
The equivalent multiplied by the integral number repre- 
senting the valency gives the exact atomic weight. 

These operations may be illustrated in the case of arsenic. 
Exact analyses show that 24*9723 parts of arsenic combine 
with 8 parts of oxygen or with 35*457 parts of chlorine ; the 
equivalent of arsenic is therefore 24*9723. From the vapour- 
density of its volatile compounds its atomic weight is seen 
to be approximately 75. Its valency is therefore 3 and the 
exact atomic weight is 3 X 24*9723= 74*917. 


A A 2 
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The exact molecular weight of a compound of known 
composition may be calculated in a similar way from its 
approximate vapour-density and the exactly-known atomic 
weights of its constituents. 

Summary and Supplb:ment. 

A. The Properties of Gases. 

Boyle, in 1660, with the help of a new air-pump, showed that 
air was an “ elastic fluid ” which could be expanded to at least 
152 times its original volume by merely diminishing the pressure 
of the atmosphere upon it. To explain the “spring of the air” 
he suggested that air was composed of elastic fibres, or (following 
Descartes) of elastic spheres in rapid motion under the influence 
of heat. In 1662, he showed that the pressure which air could 
exert was inversely proportional to the volume which it occupied 
(Boyle’s Law). 

Mayow, in 1674, showed that air in which a candle or lamp 
had expired, and “air” prepared by the action of acids on 
metals, were just as elastic as common air and could be expanded 
to an equal extent. 

Gay-Lussac, in 1802 (following Charles, 1787), sliowed that 
air, oxygen, nitrogen and hydrogen all expand to the extent of 
37*50 per cent, between 0° and 100° C. : nitric oxide, carbon 
dioxide, sulphur dioxide, ammonia, hydrogen chloride and the 
vapour of ether were also shown to expand at the same rate as 
common air. Gay-Lussac therefore concluded that the volumes 
of all gases and vapours are influenced to the same extent by 
chanties of temperature and of pressure, 

B. The Combining Volumes of Gases. 

Gay-Lussac and Humboldt, in 1805, confirmed the obser- 
vations of Cavendish (1781) that two volumes of hydrogen unite 
with one volume of oxygen to form water ; their experiments 
gave the ratio 199*89 ; 100. 

Gay-Lussac, in 1809, concluded that “gases always combine 
in the simplest proportions when they act on one another.” 
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Tlie cases which he quotes in support of this view may be 
represented by the following equations : 

2H, 4- O, = 2 H ,0 


? ro/s. 

1 vol. 


NH3 

I z>o/. 

4- MCI 

I vol. 

NH,C1 

2NH, 

2 Z'O/s. 

4- CO., 

I x^oL 

= (NH,),C02 

No 

1 vol. 

+ 3H.> 

3 %‘oh. 

= 2NH3 

1 7>oL 

+ 2.S0.J 

2 X’Ols. 

- 2SO3 

0. 

1 vol. 

4- 2 CO 

2 x>ols. 

il 

n 

0 

2N2 

2 VOls. 

4- 0. 

1 vol. 

- 2N2O 

N, 

I 7*ol. 

4- 02 

1 vol. 

- 2NO 

No 

I voL 

4 - 2O2 

2 vols. 

= 2N02 or N2O4 


He found further that the change of volume when gases 
combine has a simple relation to their volume and quotes the 
following cases ; 


2CO 

2 vols. 

4 - 

O2 - 2C().. 

I x>ol. 2 x'ols. (contraction i vol,) 

03 

1 vol. 

4 - 

2C =» 2CO 

2 vols. (expansion i x*ol.) 

C03 

1 vol. 

4 - 

C = 2CO 

2 x)ols. (expansion x z>oi.) 

00 

1 vol. 

4 - 

S - SO2 

I vol. (contraction xtil) 

N2 

I vol. 

4 - 

3H3 = 2NH3 

3 vols. 2 vols. (contraction 2 vols.) 
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Gay-Lussac’s Law of Volumes may be summed up as follows : 

“ In every chemical change in which gases arc concerned, 

the volumes absorbed and liberated are in simple ratios to one 

another.” 

This law is not exact, as the following examples show : 

Hydrogen : oxygen — 2 '00268 : r 

Hydrogen : hydrogen chloride = i *00790 ; 2 

Hydrogen : nitrogen — 3'ooi72 : 1 

It would probably be true at zero pressure, the deviations 
shown above being due to the lesser compressibility of hydro- 
gen as compared with the other gases. 

C. Avogadro’s Hypothesis. 

Dalton, about 1802, whilst trying to form a mental picture of 
the atmosphere, concluded that the particles of nitrogen, oxygen, 
water-vapour, etc., were “all of the same size,” in the sense that 
each occupied an equal space in the gas. Later he was obliged 
to reject this view, because nitric oxide occupied as much space 
as the nitrogen and oxygen of which it was composed ; the con- 
traction, which must accompany the production of one “ com- 
pound atom ” from two or more “simple atoms ” of equal volume, 
did not in fact occur. 

Avogadro, in i8ir, got over this difficulty by suggesting that 
the molecules of a simple elementary gas might contain two or 
more atoms. Thus, if the decomposition of nitric oxide were 
represented by the equation 

2NO Ng + O2 

2 mo is. I mol. I viol, 

it would produce no change in the number of molecules and no 
alteration in the volume of the gas. 

The possibility of halving the molecules of oxygen and 
nitrogen is confirmed by the production of 2 volumes of steam 
from I volume of oxygen and of i volume of nitrogen from 2 
volumes of ammonia. 

I'he halving of the hydrogen molecule was proved by the 
presence of ij volumes of hydrogen in i volume of ammonia, 
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whilst the presence of J volume of hydrogen and | volume of 
chlorine in i volume of hydrogen chloride proved the divisi- 
bihty of both hydrogen and chlorine. 

2H2"1“02 2 H 2 O 

1 vol. 2 z>ois. 

2NH3 N2 + 3H2 

2 vois. t 7 >ol. 3 vols. 

H2 + Cl2-> 2HCI 

I z>oL I vol. 2 vols. 

In each of the cases studied by Avogadro, Hg, O2, N2, CI2, 
the molecule proved to be divisible into two parts : his sugges- 
tion that subdivision into four or eight parts was possible has 
been realised in the molecules, P4, AS4, Sg ; cases are also known 
in which the molecule contains only a single atom and cannot 
be subdivided, c.g. Hg, Zn, Cd, A; in the case of ozone, O3, 
the molecule contains three atoms. 

D. Cannizzaro^s Exposition. 

Avogadrds Hypothesis states that 

“ If the temperature and pressure are the same, equal volumes 

of different gases contain equal numbers of molecules.” 

From this hypothesis, which is strictly true only at zero 
pressure, it follows that the molecular weights of different gases 
are in the same ratios as their densities. Cannizzaro, in 1858, 
selected the half-molecule or atom of hydrogen as the standard 
for all molecular and atomic weights. The molecular weight of 
a gas is then equal to its density relative to hydrogen = 2, or, in 
the modern system, relative to oxygen — 32. The atomic weight 
of an element is the smallest weight which is found in the mole- 
cular weights of its volatile compounds. 

The molecular and atomic weights deduced from vapour- 
densities are not exact. But the ratio of atomic weight to the 
equivalent (the valency of the element) is a whole number, and 
it is therefore easy to deduce the exact atomic weight from the 
equation 

Atomic weights valency x equivalent. 

After the atomic weights have been determined, the formula 
of any volatile compound can be deduced from its vapour density 
and percentage composition by using the method illustrated 
on p, 352. 
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ATOMIC WEIGHTS OF THE METALS 

A. Vapour Densities 

The vapour-density of metallic compounds. — Avogadro’s 
hypothesis, which enabled Cannizzaro to establish on a 
firm basis the atomic weights of the non-metals, failed him 
in the case of the metals, because of the lack of volatile 
compounds. Very few of the metals can be vaporised, 
either as elements or compounds, even under the wade range 
of conditions now available for vapour-density determina- 
tions. The most favourable cases are those of mercury and 
arsenic, two elements which in some ways serve to bridge the 
gap between metals and non-metals. The data already given 
for these two elements, with others derived from their 
volatile organic compounds, are sufficient to establish the 
atomic weights, Hg = 200, As = 75. 

The following table contains most of the data that were 
available for other metals up to about 1905^: 

^ The references are Dumas, Ann. Chim. Phys., 1S26, 33 , 385 ; 
Dunjas quoted by Bineau, Ann. Chini. /Viys., 1838, 68, 427-428 ; 
P'rankland, P^/ 7 . Trans.., 1855, 145 , 266 ; l)evillc and Troost, Ann. 
Chim. Phys., i860, 58 , 257-299; Wanklyn, Chan. Soc., 1861, 

13 , 128; Frankland and Duppa, Cheju. Soc.^ 1864, 17 , 33; 

Buckton and Odiing, Proc. Roy. Soc., 1865, 14 , 19-21 ; Ladenl)urg, 
Liebig's Anna/en, 1872, 8 , Suppl. 55-80; V. and C. Meyer, Per., 
1879, 12 , 1195-1200 ; Mensching and Meyer, Ber.^ 1886, 19 , 3295-3298, 
and Per., 1887, 20 , 582-583; Scott, Proc. R(y. Soc. Ed., 1887, 14 , 
410 ; Friedel and Crafts, Comptes rendus, 1888, 107 , 306 ; Nilson and 
Pettersson, Trans. Chem. Soc., 1888, 68,814-831 Q.m\Zeit. Phys. Che?n., 
1889, 4 , 206-225 ; Biltz and Meyer, Per., 1889, 22 , 725 or Zeit. Phys. 
Chem., 1889, 4 , 249-269 ; Mond, Langer and Quincke, 7 'rans. Chem. 
Soc., 1890, 67 , 752 ; Dewar and Jones, Proc^ Roy, Soc., 1905,76, 567. 
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Data are also available for antimony, bismuth and 
tellurium, but no vapour-density determinations appear to 
have been made in the case of magnesium, calcium, 
strontium, barium, gold and platinum. It is clear that the 
data are far too scanty to give trustworthy values for the 
atomic weights of the metals. Thus the data for iron 
are : 

Molecular Weight of Iron in 
Compound. Weight. Molecular Weight. 

Ferrous chloride 125*6 ... 56 (about) 

Ferric chloride 332*2 ... 112 ,, 

Iron carbonyl 199*0 ... 56 ,, 

From so short a table we cannot tell whether 56, or a 
sub-multiple of 56 (say 28), is the atomic weight of iron ; in 
other words, we cannot be sure whether the molecule of 
ferrous chloride or of iron carbonyl contains one, or two or 
more atoms of iron. The facts show only that 56 is the 
maximum value for the atomic weight of the metal. 

'The formulae given in the last column of the large table are 
based upon atomic weights deduced by other methods. They 
show that the smallest weight of metal found in the molecules 
of its volatile compounds is usually a single atom. But 
pairs of atoms are frequently found 

( Al2Cl(p A1.2Brg, Al2l(;,Fe2Cl(j, etc.). 

In the case of copper the only compound examined is of 
this type, the atomic weight of the element being 63*6 and 
not 127*1. 

B. The Law of Atomic Heats. 

Dulong and Petit’s law of atomic heats (1819). — The 

difficulty of finding the atomic weights of the metals by 
means of density determinations renders very important the 
fact, discovered in 1819 by the French physicists Dulong 
and Petit (Ann, Chun. Phys.^ 1819, 10, 405), that 

“ The atoms of all simple substances have the same capacity 
for heat:> 
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Their table shows : 

(1) The elements which they examined. 

(2) Their values for the heat-capacity of these elements, 
compared with that of an equal weight of water. 

(3) The values which they selected for the atomic weights 
of the elements, 0= i. 

(4) The product of these numbers. 

A fifth column has been added which shows Dulong and 
Tetit’s atomic weights reduced to the modern standard, 

0-16, 


Atomic Heats (Dulong and Petit). 


Element. 

Heat 

Capacity. 

Atomic 

Weight. 

0=1 

Product. 

Atomic 

Weight. 

0=16 

BisnuUh 

0*0288 

13*30 

0-3830 

212*8 

Lead 

0*0293 

12 ‘95 

0*3794 

207*2 

Gold 

0*0298 

12*43 

0*3704 

198-9 

Platinum 

0*0314 

12*16 ’ 

0*3740 

194 6 

Tin 

0*0514 

7*35 

0*3779 

1 17*6 

Silver 

0*0557 

6*75 

0*3759 

1080 

Zinc 

0*0927 

403 

0*3736 

64*5 

Tellurium 

0*0912 

4*03 

0*3675 

64 5 

Copper 

0*0949 

3*957 

0*3755 

63*3 

Nickel 

0*1035 

3-69 

0*3819 

59*0 

Iron 

O'lIOO 

3*392 

0*3731 

54*3 

Cobalt 

0*1498 

2*46 

03685 

394 

Sulphur 

o*i88o 

2*011 

0*3780 

32*2 


^ The value Ii*l6 given in Dulong and Petit’s paper appears to be 
a misprint for 1216 (Berzelius’s number for the atomic weight); but 
there is some further error in the table, as I2’i6 x o‘03i4 = o*38i8. 


In Dulong and PetiCs table the atomic weights of the 
metals were reduced to one-half of the values given by 
Berzelius, whilst the value for silver was reduced to one- 
quarter. The new values were ultimately accepted by 
Berzelius, and are substantially the same as those employed 
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at the present time ; tellurium and cobalt (modern values, 
127-5 exceptions to this statement, on 

account of errors in the values for their specific heats. 

Significance of the law of atomic heats. — The specific 
HEAT of a substance is the amount of heat in calories 
required to raise the temperature of i gram through i*" C. 
The product of the specific heat and the atomic weight of 
an element is called its atomic heat and represents the 
amount of heat required to raise the temperature of i 

gram-atom ’’ (/>. the atomic weight expressed in grams) 
through 1° C. Dulong and Petit’s law of atomic heats 
can be expressed algebraically in the form : 

Specific heat x atomic weight — atoinic heat — constant == 6*0. 

The average value of Dulong and Petit’s product was 
o‘ 37 S 3 ( 0 = r). If reduced to the modern standard, 0= 16, 
it becomes 6*00, a number which is practically the same as 
the average value 6*05 for the atomic heat over the range 
from 20° to 100^ of the 25 solid elements tabulated on 
page 365. 

If the specific heat of an element at ordinary temperatures 
is known, its atomic vveight may be calculated by dividing the 
specific heat into the figure 6‘o. The atomic weights 
obtained in this way are even less accurate than those 
deduced from vapour densities ; but they are sufficiently 
exact to give the valency of the element, i.e, the factor which 
must be used in deducing the atomic weight from the 
equivalent, as described in the preceding chapter. 

The law of atomic heats can be applied most easily in the 
case of the metals in which the direct application of 
Avogadro^s hypothesis is most difficult. It was much used 
by Berzelius, and was regarded by him as a more trust- 
worthy guide than Avogadro’s hypothesis ; but, as Cannizzaro 
showed, it is not independent of that hypothesis, and merely 
provides a method for extending it from hydrogen and 
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oxygen to silver and gold ; this is done with the help of 
elements such as iodine and mercury, the atomic weights of 
which can be compared both by means of their vapour 
densities and by means of their specific heats. 

Abnormal atomic heats. — The following table shows the 
atomic heats, over different ranges of temperature, of 25 

Atomic Heats of Solid Elements 




Specific 

l^lemcnt. 

Atomic 

Weight. 

1 leat. 

•f 20^* to 
+ 100". 

C ... 

12'00 

0-1990 

Mp: ... 

24*32 

02492 

A1 ... 

27*1 

283 

0-2173 

Si ... 

0-1833 

P 

31-04 

01981 

S 

Cr .. 

32-07 

0*1780 

52-0 

01210 

Mn .. 

54 ’93 

0*121 I 

Fe 

55 ■«4 

o'l 14O 

Ni ... 

58-68 

01092 

Co ... 

5^V7 

01030 

Cu ... 

63 '57 

0-0936 

Zn ... 

65 '37 

0-0931 

As ... i 

74-96 

0 0827 

Mo ... 

96-0 

0 0647 

Pd ... 

106 '7 

0059 

Ag ... 

107-88 

0 0566 

Cd ... 

112-4 

0-0549 

Sn ... 

1 19-0 

0-0556 

Sb ... 

120-2 

0-0503 

Pt ... 

195-2 

00320 

All ... 

197-2 

0-0316 

Tl ... 

204-0 

00326 

PI) ... 

207-1 

0-031 

Hi ... 

208-0 

00303 

Average 




Atomic 

Heat. 

+ 20'' to 
■f 100°. 

Atomic 
Heat. 
~i88“ to 
20°. 

Atomic 

Heat. 

~ 253" to 

- 19s’ C. 

2-4 

1*^5 

0-03 

61 

5-06 

1-74 

5 ‘9 

473 

1-12 

52 

3*34 

077 

6 2 

5-24 

1*34 

57 

4-20 

175 

6-3 

4*14 

0*70 

6*7 

5*12 

1*26 

6-4 

4-80 

0-98 

6 4 

5’09 

I -22 

6-2 

4-88 

I -22 

60 

5 '01 

1-56 

6-1 

5'53 

2 52 

6*2 

5 '29 

1-94 

6*2 

5*33 

1-36 

6-3 

5*51 

2-03 

61 

5'5i 

2*62 

6-2 

579 

3 46 

6*6 

5'97 

3'4I 

6-1 

5*f>3 

2-89 

6*3 

5 '45 

2-63 

6 '2 

5*86 

3-16 

6*7 

6*04 

4-80 

6-4 

6*21 

4 96 

6*3 

5'9i 

4*54 

6-05 

5-06 

212 


solid elements. Over the range from +20® to + 100^ the 
average atomic heat is 6*05 calories. At lower temperatures, 



366 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


the atomic heats are much diminished. Between 20** and 
- 180° the average value for the 25 elements is 5 ‘06 
(Richards and Jackson, Annual Reports^ 1910, 16). Be- 
tween - 195“ and — 253°C. it is 2*12 calories (Dewar, Proc. 
Roy. Soc.^ 1913J A. 89 , 168). The values for different 
elements are then not even approximately equal, elements 
which have a large atomic volume (at. wt. -f- density) giving 
large atomic heats, whilst elements with small atomic 
volumes have small atomic heats. It is only as the tem- 
perature is raised that Dulong and Petit's Law becomes 
valid. 

In the range from 20'' to 100'' all the solid elements 
except two give values lying between 5*2 and 67. The 
two exceptions are : 

Boron.,. At. wt. 11 Sp. ht 0'26i6 At. ht. 27 

Carbon. At. wl. 12 Sp. ht. 0-1532 (diamond) At. ht. i *84 (diamond) 

0*1990 (graphite) 2*39 (graphite) 

In the case of diamond, the atomic heats at different tem- 
peratures are as follows (Nernst, Annual Reports^ 1912, 9) : 

Temperature... 896“ 85'' -4T -64'" - 18C —231° - 243°C. 

Atomic heat ... 5*45 2*12 o-86 0*66 0 03 o*oo o'oo 

the values diminishing from a normal figure at about 
1000° almost to nothing at temperatures below the boiling 
point of liquid air. In the case of boron the atomic heats 
are (Weber, Phil. Mag,^ 1875, 293 ; Dewar, loc. cil .) : 

Temperature... 233*2° 177*2° 125*8° 76*7° 26*6° -39*6 -224° 
Atomic heat ... 4*03 3*72 3*38 3*01 2*62 2*11 0 24 

These exceptions are confined to elements of small atomic 
weight, to which Avogadro’s hypothesis can easily be applied ) 
they do not, therefore, affect the usefulness of Dulong and 
Petit's ‘Law as a means for determining the atomic 'weights 
of those elements which do not form volatile compounds. 
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Molecular heat of compounds — Neumann, in 1831 (Fogg, 
Ann. der Fhysik^ 1-39), found a constant value 

for the MOLECULAR HEATS (sp. ht, X mol. wt.) of a series of 
seven carbonates and another constant value for a series of 
four sulphates ; in each of these cases the atomic heat of 
the combined metals was constant throughout the series. 

Cannizzaro, in 1858 (A.C.R. XVIII. 23), showed that mer- 
cury and iodine obey Dulong and Petit’s I-^w when combined 
together, and used this fact as a further proof of his view that 
the atomic weight of mercury was 200 and not 100, as had 
been supposed previously. The figures he quotes are as 
follows : 

Atomic heats : 

Solid bromine, Br' 

Iodine, P 

Solid mercury, II|; 

AToIeciiIar heats : 

Mercurous chloride, HgCb (200 L 35 5) xo'052i= 12 '258 = 2 x 6*129 
Mercurous iodide, Hglh. (200+127 ) x 0*0395= 12*913 = 2 x 6 457 
Mercuric chloride, HgCb- (200 + 71 ) x 0*0689= 18*669 = 3 x 6*223 
Mercuric iodide, HglQ ...(200 + 254 ) x 0*0420= 19*054 = 3 x 6*351 

If the atomic weight of mercury were 100, the molecular 
heats of the mercurous salts should have been 3x6, and those 
of the mercuric salts 4x6, for the quantities shown in the 
tab’ . 

more detailed study of the molecular heats of com- 
po .nds was made in 1865 by Kopp (“Investigations of the 
Specific Heat of Solid Bodies,” PhiL Trans..^ 1865, 165 , 
71-202), who showed that “Each element has the same 
specific heat in its solid free state and in its solid com- 
pounds ” (loc. cit. p. 83). 

AVhilst Cannizzaro assumed that in all cases the 

mokcnlar heat of a compound = number of atoms x 6, 

^ The argument is not affected if these formuUe are written Brg, Ij, 
HgaCb, and Hgalj. 


80 X 0*0843= 6*746 
127x0*0541= 6*873 
200x0*0324= 6*482 
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Kopp's rule gives expression to the fact that lower values 
are found for the molecular heats of compounds containing 
elements such as boron, carbod and sulphur, of which the 
atomic heats are abnormally low- 

C. The Law of Is-'^morphism. 

Mitscherlich (1819) discovers i&'omorphism. — In select- 
ing atomic weights, Berzelius^ adopted the rule that com- 
pounds which resemble each other ck>sely should be repre- 
sented by similar formula;. A rema^‘^''‘able illustration of 
this close resemblance between compounds of similar com- 
position was discovered in 1819 by Mitscherlich, a pupil 
of Berzelius. He examined the acid phosphate and arsenate 
of potassium, which are now represented hy the formulas 
KH2PO4 and KHgAsO^, and found that 

“ these salts are composed of the same number of atoms . . . , 
and only differ from one another in that the radical in one 
is phosphorus and in the other arsenic. Thd crystalline 
form of these two salts is the same . . . ; for nc>t only the 
primitive form, but all the varieties, resemble each other so 
closely in the size, number, and angles of the facOS, that it 
is quite impossible to find any difference, even in the 
characters which appear to be quite accidentar’ (“ On the 
Relation between Crystalline Form and Chemical Propor- 
tions,” Chim, Fkys,, 1820, 14, 172 and 173). 

A similar analogy of form was detected in 

the sodium salts | NaHjA^O^^H^O } 

theammonium salts { } 

In each of these cases 75 parts of arsenic could take the 
place of 31 parts of phosphorus, without producing any alter- 
ation of crystalline form. 

In the second part of the memoir {Ann, Chim, Phys., 
182 X, 19, 350) Mitscherlich described as isomorphous 
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tliose groups of elements which could take the place of one 
another in compounds of identical crystalline form. In the 
case of isomorphous elements, The same number of 
atoms combined in the same way produces the same crys- 
talline form; the crystalline form is independent of the 
chemical nature of the atoms, and is determined only by 
the number and relative position of the atoms (ibid.^ p. 
419). 

The law of isomorphism.— The law of isomorphism 

as now enunciated states that : “ Substances which are similar 
in crystalline form and m chemical properties should be 
7'€presented by similar formulccl^ 

This law is limited in two directions : (r) On one hand, 
mere identity of crystalline form is not sufficient to prove 
that the formulae of two compounds should be similar. 
In the case of crystals of a high degree of symmetry, such as 
the cube and octahedron, the angles can be calculated as 
simple fractions or functions of a right angle, and are identical 
for all the elements and compounds (iron, silver, iron pyrites, 
salt, sal-ammoniac, etc.) which crystallise in these forms. 
( 2 ) On the other hand, if the crystalline form is less symmetri- 
cal, the angular measurements may differ considerably, even 
in the most closely-related compounds ; thus, the mineral 
carbonates crystallising in simple rhombohedra show the 
following angles : 


Calcite, CaCOs 74°55' 

Magnesite, MgCO^ 72“36' 

Chalybite, FeCO^ 73 '’o' 

Calamine, ZnCOg 72°20' 

Rhodochrosite, MnCOg ... 72'’58' 


Isomorphous mixtures or solid solutions. — Some more 
certain test than mere geometrical form is evidently 
required before “ isomorphism ” can be used as trustworthy 
evidence of analogous chemical composition. Such a test is 
supplied by the fact (investigated by Mitscherlich) that many 
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compounds, which are similar both in chemical type and in 
crystalline form, possess the property of forming crystals 
in which the two constituents are mixed as intimately as 
the salt and water in an aqueous salt solution. Crystals of 
this kind are described as isomorphous mixtures or solid 
SOLUTIONS. They are formed whenever two or more closely- 
related substances are allowed to crystallise together from 
solution or from the fused state. Thus if 

potash alum KAl(S04)^,i2H20 

soda alum NaAl(S04)2,i2H20 

and chrome alum .... KCr(S04)2,i2H20 

are dissolved together in water, the crystals which separate 
will contain all three substances, the colour ranging from a 
pure white to a deep purple according to the proportion 
of chrome alum which they contain. So also in the case of 
minerals, garnets of the type 

CayAl^SigO^^ or 3Ca0,Al2()3,3Si02, 

which have crystallised from a magma of complex com- 
position, are all mixtures of isomorphous substances, in 
which a part of the calcium has been replaced by magnesium, 
ferrous iron, or manganese, and part of the aluminium by 
ferric iron, or by chromium. But in all this complex 
substitution (known to mineralogists as vicarious replace- 
ment) the type remains constant and the general formula 

3[Ca,Mg,Fe,Mn]0,[Al,Fe,Cr]203,3Si0.2 

may be used to represent every member of the series. 

The formation of isomorphous mixtures is a valuable test 
of chemical similarity, because they cannot be produced from 
substances of different type, even when absolutely identical 
in crystalline form ; on the other hand, a difference of 5” in 
the angles of analogous compounds need not prevent the 
formation of an isomorphous mixture, since composite 
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crystals may still be formed, the angles of which are a 
compromise between those of the constituents. 

Applications of the law of isomorphism. — In the 
isomorphous phosphates and arsenates, 7 5 grams of arsenic 
replace 31 grams of phosphorus without altering the crystal- 
line form. Since 31 is the atomic weight of phosphorus, 
the Law of Isomorphism indicates that 75 is the atomic 
weight of arsenic, thus confirming the value arrived at by 
other methods. A similar resemblance appears in the 
crystalline properties of arsenic, antimony and bismuth. 
In the isomorphous compounds of these elements, 75 
grams of arsenic are replaced by 120 grams of antimony, 
and 120 grams of antimony by 208 grams of bismuth, 
without producing any large alteration of crystalline form. 
In this way the Law of Isomorphism leads up from F = 3i, 
through As == 75 to Sb -120 and Bi = 208. 

In 1828 Mitscherlich showed An/^.y 1828, 12 , 138) 

that the selenates and sulphates of sodium and silver formed 
an isCmorphous series in which 23 parts of sodium were 
replaced by 108 parts of silver, whilst 32 {)arts of sulphur 
were replaced by 79 parts of selenium, lliis isomorphism 
served to establish the atomic weight of selenium. 

Isomorphism of manganese and chromium with 
chlorine and sulphur. — Two interesting cases of isomor- 
phism w'ere described in detail by Mitscherlich in 1832 
Ann., 1832, 25 , 287-302). He showed that the red 
potassium permanganate was isomorphous with potassium 
perchlorate. In these compounds 55 parts of manganese 
replace 35*5 parts of chlorine ; 55 is therefore the atomic 
weight of manganese. On the other hand, the green 
potassium manganate was isomorphous with the chromate, 
selenate and sulphate ; the equivalent quantities, S 32, Se 79, 
Cr 52, Mn 55, are therefore the atomic weights of these 
elements. 

Mitscherlich had already proved the isomorphism of the 

B B 2 
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bivalent metals Ca, Mg, Mn (manganous), Fe (ferrous), 
Cu, Zn, Co, Ni in their simple and double sulphates (Ann. 
Client, Fhys.y 1821, 19 , 416), and of the tervalent metals 
Cr, Mn, Fe, A1 in the spinels MgAl204,Feg04, etc. The way 
was therefore open to link up the atomic weights of nearly all 
the metals with those deduced by Avogadro’s hypothesis 
for the non-metals chlorine and sulphur. 

Mitscherlich’s observations on isomorphism, confirmed as 
they were by Dulong and Petit’s Law of Atomic Heats, led 
Berzelius in 1827 ( Jahresberichty 1828, 7 , 67-78) to write 
the oxides of iron as FeO and FcgOg instead of Fe02 
FeOg, and to publish a new table of atomic weights in whicl' 
the values for nearly all the metals were halved. He argue 
from the isomorphism of the sulphates and chromates that 
chromic acid must be CrOg, compare SO3 ; chromic oxide 
was therefore Cr^O^. The isomorphism of the salts of 
chromium, mangr ..e, ferric iron and aluminium gave the 
formula Mn208, for manganic oxide, FcgOg for ferric oxide, 
and AlgOg for alumina. But if ferric oxide was P^CoOg, 
ferrous oxide must be FcO, and this type of formulae must 
also be given to all those oxides the salts of which were 
isomorphous with the ferrous salts. 

Exceptions to the law of isomorphism. — There are many 
exceptions to the law of isomorphism. On one hand, 
many substances of similar structure crystallise in totally 
different forms. Thus Mitscherlich found that the usual 
form of acid sodium phosphate, NaH 2P04, was quite different 
from that of the acid arsenate, NaH2As04. This difference 
is due to the polymorphism of the phosphate, which forms 
two types of crystals, only one of which is isomorphous with 
the arsenate. 

On the other hand, perfect isomorphism is often found in 
substances of dissimilar composition. The most important 
case is that of the ammonium salts in which the compound 
radical NH^ may be displaced by a single atom of sodium 
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or potassium without pioducing any change of crystalline 
form. Again, silver sulphide, AggS, as argentite, is isomor- 
phous witli lead sulphide, PbS, as galena, and is nearly 
always present as an isornorphous impurity in this mineral, 
in spite of the unequal numbers of atoms in the two 
molecules. Cases of this sort show that the law of 
isomorphism, although of great value, cannot be used 
as a final test in establishing the atomic weights of the 
elements. 

1). E'ormule of Metallic Compounds. 

Empirical and molecular formal®. — In the preceding 
chapter (p. 352) a method has been described by which the 
formula of a volatile compound may be deduced from its 
vapour-density and percentage composition, when the atomic 
weights of its constituents are known. This method can- 
not be applied to substances, such as sugar or potassium 
chlorate, which decompose when heated, or to substances, 
such as silica, which boil at .so high a temperature that their 
vapour-densities cannot be determined. There is, however, 
no difficulty in deducing from the analysis of the substance 
an EMPIRICAL FORMULA, which expresses its composition in 
the simplest way, but gives only a minimum value for its 
molecular weight. 

The method used in calculating an empirical formula 
may be illustrated by using Stas’s figures for the analysis of 
cinnamic acid {Works^ I. 281). 

On combustion, 0*900 gram of acid gave 0*444 gram 
of water and 2*402 grams of carbonic anhydride. The 
composition of the acid was therefore : 

C 72*78 H 5*47 O 21*75%. 

Taking the atomic weights as 

C 12*00 H 1*008 


O 16: 
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the numbers of atoms are in the proportion 

C H 5 '47. o or 

I2'00 lOOS i6 

C 6‘o6 H 5*43 O 1*36. 

Dividing by the smallest number, these proportions become 

C 4 46 H 3 99 O I, 

or very nearly 

C 4| H 4 O I. 

Multiplying by two in order to remove fractions, the 
simplest empirical formula for the compound is seen to be 
C9Hg0.2. The composition calculated for this formula is 

C 72-94 H 5-45 O 2 i -6 i 

and agrees closely with the composition found by com- 
bustion. The MOLECULAR FORMULA, which should expres. 
both the composition and the molecular weight of cinnamic 
acid, is where n is an integer, the value of which 

must be determined by other methods, e,g, from the chemical 
properties of the acid or from the boiling-points and freezing- 
points of its solutions. 

Empirical formulse of metallic salts.-- I'he following 
examples show how the composition and the empirical 
formulae of some typical metallic salts have been determined. 
The analytical data are taken from Berzelius’s^ papers on 
Fixed Proportions, 1811 — 1812 (Ostwald^s Klassiker, 
No. 35). The atomic weights are substantially those of Stas. 

I. Lead oxide, sulphide and sulphate. — Berzelius found 
{Fixed Proportions, 1 81 1-1812; Klassiker, XXXV, 6-13) 
that : 

^ In quoting Berzelius’s data it has been necessary to distinguish 
between the actual analyses, and the compositions which he calculated 
on the assumption that both chlorine and nitrogen were not elements 
but oxides. 
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(1) 10 grams of lead, dissolved in nitric acid and ignited, 
gave 1078 grams of the oxide (litharge). 

(2) 10 grams of lead, when fused with sulphur, gave 1 1 ‘56 
grams of sulphide. 

(3) 10 grams of lead sulphide, when digested with aqua 
regia, gave 12*65 grams of sulphate, no excess of lead or of 
sulphuric acid being left uncombined. 

(4) 10 grams of lead, dissolved in nitric acid and pre- 
cipitated with sulphuric acid, gave i4‘635 grams of lead 

sulphate, in close agreement with the weight 

10 

= 14*623 grams calculated from (2) and (3). 

From these experiments Berzelius concluded : 

(5) That lead and sulphur in lead sulphide are combined 
together in exactly the same proportions as when their 
oxides unite to form lead sulphate. 

(6) That 10 grams of lead sulphide in forming lead 
sulphate unite with 2*65 grams of oxygen ; the 10 grams of 

sulphide contain = 8*651 grams of lead, yielding on 

oxidation ? = 0*326 grams of lead oxide, thus 

10 -'O to > 

accounting for 9*326 - 8*651 = 0*675 g^'am of oxygen ; the 
remainder, 2*65 - 0*675 ~ ^’975 of the oxygen in the 
sulphate was therefore combined with 10 — 8*651 = r349 
grams of sulphur to form 3*324 grams of sulphuric anhy- 
dride. The composition of sulphuric anhydride was there- 
fore : 

Sulphur 1*349 grams — 40 * 58 % 

Oxygen 1*975 grams = 59 * 42 % 

i.e. sulphur : oxygen = 2:3 nearly. 

(7) In the sulphate, litharge containing 0*675 gram of 
oxygen was combined with sulphuric anhydride containing 
1*975 grams of oxygen. The weights of oxygen in the acid 
and in the base were therefore in the ratio 3 : i, a ratio that 
held good for the sulphates generally {Chemical Proportions^ 
1819, p. 122). 
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By the analysis of barium sulphite {Klassikef\ XXXV, t 8), the 
composition of sulphurous anhydride was found to be 

Sulphur — 50*55% 

Cxygen = 49*45% 

/>. sulphur : oxygen — i : i nearly. The weights of oxygen in 
the two oxides were thus in the ratio 3 : 2 as deduced from Gay- 
Lussac’s volumetric analysis (p. 169). Berzelius found that when 
barium sulphite was oxidised to barium sulphate, no excess of 
baryta or of sulphuric acid was produced. The ratio of barium 
to sulphur was therefore the same in the two compounds. The 
ratio of oxygen in the acid to oxygen in the base was 2 : i for the 
sulphites, as contrasted with 3 : i for the sulphates {Chemical 
Proportions^ p. 122). 

Taking the modern values for the atomic weights, the 
empirical formulas of these compounds can be deduced 
at once. 

Lead Oxygen 

Litharge = 10 grams : 078 gram 

078 , 

- ' atoms 
16 

0*0487 atom 
I atom 


_ 10 

207*1 
= 0-0483 
“ 1 

Formula PbO. 


Lead 

Lead Sulphide = lo 
10 

207*1 

= 0*0483 

= I 

Formula PbS, 


Sulphuric Anhydride ^ 


Sulphur 
I ‘349 
i;349 
32T 
0*0420 
I 


Sulphur 

1*56 grams 

I •c;6 . 

' atoms 
32*1 

0*0486 atom 
I atom 

Oxygen 

: 1*975 grams 

— atoms 
16 

0*1234 atom 
3 atoms 


Formula SO^. 
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Lea<l 

Sulphur 

Oxygen 


Lead Sulphate = 8*651 

1 *349 

2-65 

grams 

= 8^651 

.J'349 


atoms 

207*1 

32*1 

16 


= 0*0418 

0*0420 : 

0*1656 atom 

= I 

1 

4 

atoms 


Formula PbSO^. 


The corresponding formula for lead sulphite is PbSOg. 

2. Potassium Chlorate . — In this case Berzelius weighed 
the oxygen directly (by loss of weight) and the chlorine as 
silver chloride, and determined the metal by difference. 

(0 3*9850 grams of potassium chlorate, heated in a small 
retort, lost r5475 grams of oxygen and left 2'4375 of potass- 
ium chloride {Klassikery XXXV. 122). 

(2) 10 grams of potassium chloride, precipitated with silver 
nitrate, gave 19*21 grams of fused “horn-silver” (silver 
chloride) {Klassiker, XXXV. 93). 

(3) 3 grams of pure silver, dissolved in nitric acid, pre- 
cipitated with muriatic acid, evaporated and fused, gave 
3*98 grams of “horn-silver” {Kiassiker^ XXXV. 24), 

It follows 

(4) From (i), that 3*9850 grams of potassium chlorate con- 
tain 1*5475 grams of oxygen. 

(5) From (2) and (3), that since 3*98 grams of silver 

chloride contain 3 grams of silver and 3*98 -3*00 ~ 0*98 
gram of chlorine, therefore 19*21 grams of horn-silver con- 
tain X 0*98 = 4*73 grams of chlorine, derived from 

3*98 

10 grams of potassium chloride ; thus, 3*9850 grams of 
potassium chlorate or 2*4375 grams of potassium chloride 

contain 473 = 1*1529 grams of chlorine, 

(6) Finally, 3*9850 grams of potassium chlolate must con- 
tain 3*9850- 1*5475 - 1*1529 = 1*2846 grams of potassium. 
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The formula of the salt is deduced as follows : 


Potassium 

POTASSIUM CHLORATE = 1*2846 : 

1*2846 

- 39*10 

— 00379 : 
I^ormula KCIO3. 


Chlorine Oxygen 
1*1529 : 1*5475 grams 

1252 ^ , L'SiZS atoms 
35-46 16 

0*0325 : 0*0967 atom 
I : 3 atoms 


3. Chalk, As Berzelius was not able to obtain pure 
metallic calcium, he could not determine the composition 
of lime by direct oxidation ; an indirect method of analysis 
was therefore adopted : 

(r) 10 grams of chalk when ignited gave 5*64 grams of 
lime and 4*36 grams of carbonic anhydride containing 
28*4% of carbon. 

(2) 10 grams of chalk dissolved in muriatic acid gave 
10*96 grams of fused muriate of lime (calcium chloride). 

(3) grams of this fused muriate, when dissolved and 
precipitated with silver nitrate, gave 7*75 grams of “ horn- 
silver” (fused silver chloride), containing 75*3% of silver and 
therefore 24*7% chlorine {Klassiker, XXXV. 77). 

From these experiments it followed 

(4) That 10 grams of chalk contained 0*284 4*36 = 1*288 

grams of carbon,^ united with 4*36- 1*238 = 3 T 22 grams of 
oxygen to form carbonic anhydride. 

(5) That 3*01 grams of muriate of lime contained 0*247 x 
775 = 1*914 grams of chlorine united with 3*01 — 1*914 = 
1*096 grams of calcium ; therefore the 10*96 grams of 
muriate of lime derived from 10 grams of chalk contained 

19 . 9 ^ X 1*096 = 3*99 grams of calcium. 

3*01 

(6) That the 5*64 grams of lime obtained by igniting 10 
grams of chalk contained this 3*99 grams of metal united 
with 5*64 - 3*99 = 1*65 grams of oxygen. 



XVI 


ATOMIC WEIGHTS OF THE METALS 


379 


The composition of chalk is therefore : 


Chalk, io grams = 


/ L'me, 5 64 gram.s= {oxygen';;: 
1 Carbonic anhydride rOxvcjEN ... 
I 4*36 grams = \ Carbon ... 


3 *99 grams 

1-65 „ 

3 J 2 ,, 

1*24 ,, 


The oxygen in the acid is seen to be double the amount 
in the base, as in the case of the sulphites. 

The proportions of the three elements are : 


Calcium 

Carbon 

Oxygen 

3*99 

1*24 

4*77 g^ams 

= 3*99 

. 1-24 

: 1-ZJ atoms 

40*1 

12*0 

16 

= 0*099 

0 

b 

: . 0*298 atom 

= I 

Formula CaCO^. 

: 1 

: 3 atoms 


4. Lead Nitrate , — Berzelius found that 

(1) 20 grams of dry, powdered lead nitrate, ignited in a 
weighed platinum crucible, left 13*445 grams of oxide ; 
therefore 100 grams of the salt contain 67*22 grams of lead 
oxide, composed of 4*85 grams of oxygen and 62*37 grams 
oilcad {Khusiker, XXXV. 129). 

(2) Gay-Lussac had proved (p. 203) that nitric anhydride 
was composed of 2 volumes of nitrogen of density 0*969 and 
5 volumes of oxygen of density 1*104 (air — 1) ; the com- 
position by weight was therefore 0*969 x 2 : 1*104 x 5 == 
1*938 : 5*520. The weights of the two gases in 100-67*22 = 
32*78 grams of nitric anhydride are therefore 

X 32*78= 8*52 grams of 

1*938 4 - 5-520. 

and 32*78 - 8*52== 24*26 grams of 


From these analyses it is clear that the composition of 
the salt is : 


( Litharge, TLead 

67 * 22 grams = \ Oxygen , . . 
Nitric anhydride, f O xygen... 
32*78 grams = \ Nitrogen 


62*37 grams 

4*85 

24*26 ,, 
8*52 „ 
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and that the oxygen in the acid is five times ^ that in the 
base (Berzelius, Chemical Proportions ^ 1819, p. 124). 

T'he proportions of the three elements are ; 


Lead 

Nitrogen 

Oxygen 


LEAD nitrate = 62*37 

; 8-52 

29*1 r 

grams 

= 6^37 

S '52 

291 1 

atoms 

207*1 

14*01 

16 


= 0*301 

: o‘6o8 : 

1*819 

atoms 

= I 

: 2 

6 

atoms 


Formula PbN./\. 


Summary and Supplement 
A. Vapour-densities 

Vapour-densities have been determined for the following 
metals and metallic compounds : 

Elements: Na, K, Zn, Cd, Hg. 

Haloid Salts: KI, Cu.^CIg, AgCI, ZnCl.,, PbCJ.„ 2 A\C]f:l 
Al.^Clo, AlyBr,, Able, 2FeCl2“Fe^C]4, Fe2Clo^2FeCl‘ = 
2FeCl,;-f CI2, CrO.^Cl., CrClg, MnCl^, SnCl^—Sn^Ch, SnCl4, 
HgCl2, Hg2Cl2~Hg-f HgCb, etc., in addition to com- 
pounds of As, Sb, Bi. 

Carbon Conipounds: Zn(CH.d*>, Zn(C2Hr,).„ Zn(C5Hii)2, 
Al(cn3)3, AKC^H,)^, Sr,(CH3)4,“ Sn^CC^H;),., Fe(CO),, 

Ni(CO)3. 

The data are too scanty to give trustworthy values for the 
atomic weights of the metals. 

B. Atomic Heats 

The chief method for determining the atomic weights of the 
metals is by means of the Law of Dulong and Petit (1819), 

specific heat x atomic weight = atomic heat = constant. 
The value of the “constant’^ is about 6 for the range from 100° 

^ In 1812 Berzelius regarded nitrogen as an oxide, and concluded 
that this ratio was six times ; in 1819 he gave the ratio as six times or 
five times, according as nitrogen was regarded as a compound or as an 
element. 
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to 20^, but falls to 5 in the range from 20° to - 188° and to 2 
between -188'^ and -253^ In the lowest range the atomic 
heat varies very widely and is roughly proportional to the atomic 
volume ; but at ordinary temperatures the atomic heats of all the 
elements except boron and carbon fall between 5*2 and 67 ; 
even these two elements give “normal” values at higher 
temperatures. 

In the case of solid compounds, Kopp (1865) found that “each 
element has essentially the same specific or atomic heat in com- 
pounds as it has in the free state.” 

I'he Law of Atomic Heats only leads to very rough values for 
the atomic weight, but is sufficiently exact to give the valency, 
ix, the integral ratio by which the equivalent of an element 
must be multiplied in order to give its atomic weight. 

C. Isomorphism 

Mitscherlich, in 1819, discovered that identical crystalline 
forms were shown by the following pairs of isoinorphous salts ; 

j KH.^F 04 1 /NaH 2 P 04 ,H 20 \ /(NH 4 )H 2 P 04 1 
\KH2AsO4j lNaH2As04,H20/ t (NH4)H2As04 J * 

The sodium phosphate also crystallised in a second form and 
was therefore dimorphous. 

In series of isomorphous compounds the isomorphous elements 
replace one another atom by atom ; the ainalysis of isomorphous 
salts can therefore be used to determine atomic weights. Thus 
in the phosphates and arsenates 75 parts of arsenic take the 
place of 31 parts of phosphorus; therefore if P =31, then 
As- 75 - 

Isomorphous salts of similar composition possess the property 
of forming isoviorphotis inixiures or solid solutions^ i.e. compo- 
site crystals in which the different constituents are mixed as 
intimately as in a liquid solution. If these mixtures can be formed 
in any proportions the isomorphism is complete (compare water 
and alcohol): if one substance will only tolerate a limited amount 
of the other (compare water and ether) the isomorphism in incom- 
plete. An example of incomplete isomorphism is found in the 
potassium and ammonium phosphates formulated above, which 
will only mix with one another to the extent of about 20%. 



382 HISTORICAL INTRODUCTION TO CHEMISTRY CH. xvi 


In the cubic system isomorphism is perfect^ i.e, the angles for 
the different substances are exactly equal. Examples are 
(i) the alums MiM«i(S04)2,i 2H20. 
where NE = K, Na, NH4, &c. 

= Al, Fc(ferric), Cr, (&c. 

(2) Spinel MgAl204 Also MgP"e204 

Gahnite ZnAl204 MnFe204 

Magnetite FcFe204 FeAl204 

Chromite FeCr204 &c. 

In less symmetrical crystals the isomorphism is imperfect^ but 
mixed crystals may be formed if the angles do not differ morjj 
than 5°. The rhombohedral angles of a series of isomorphous 
carbonates are given on page 369. 

Isomorphismoften occurs in compounds of dissimilar structure, 
e,g, CaCOg and NaNOg, Mg2Si04 and Al2Be04, and even in 
compounds which contain unequal numbers of atoms in the 
molecule, e,g, PbS and Ag2S or (NH4)Al(S04)2,i2H20 and 
KA1(S04)2,I2H20. a remarkable collection of cases of isomor- 
phism (in which fluorine replaces oxygen, water replaces chlorine, 
&c., without producing any change of crystalline form) has been 
made by T. V. Barker {Trans, Chem, Soc.^ 1912, 101 , 2484). 

D. FoRMULy?i OF Salts 

In the case of salts it is usually possible to give only an em- 
pirical fo 7 'mulay which expresses its composition, but not its 
molecular weight. Such a formula can be deduced readily from 
the analytical data by methods indicated on pp. 373 to 380. 



CHAPTER XVII 

MOLECULAR ARCHITECTURE 

A. The Rise of Organic Chemistry 

The development of inorganic chemistry, 1766-1816. — 

It can scarcely fail to be noticed that almost the whole of 
the work described in the sixteen preceding chapters falls 
within a very narrow period of time. Occasionally it has 
been necessary to go back to study the origins of things, or 
forward to study their more mature developments ; but by 
far the greater part of the experiments that are described 
were carried out during the latter part of the eighteenth and 
the early years of the nineteenth century. 

This narrow i)eriod, undoubtedly the most fertile in 
the history of chemistry, begins with Black^s work on 

Magnesia Alba,” published in 1755. If this investigation 
be set aside as merely a herald of the dawn, it will be found 
that almost every chapter is filled with accounts of experi- 
ments made in the fifty years from 1766 to 1816. The 
former date saw the publication of Cavendish’s papers 
“ On Factitious Air,” and was followed almost immediately 
by the wonderful development of Pneumatic Chemistry 
which we owe to the successful labours of Priestley. The 
latter date saw the completion of Gay-Lussac’s work on the 

383 
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oxides of nitrogen and his final solution of the problem of 
the composition of nitric and nitrous acids. On the practi- 
cal side, it may be noticed that by the year 1816 all the 
commoner gases had been prepared and analysed, some fifty 
different elements had been recognised clearly, water had 
been decomposed and recomposed, the alkalis and most of 
the earths had yielded up their metals, and the composition 
of all the important mineral acids had at last been estab- 
lished. On the theoretical side, it will be sufficient to 
notice that, by the year 1816, the atomic and molecular 
theories had been enunciated by Dalton and by Avogadro, 
and that the Laws of Chemical Combination to which they 
lead had been tested by Berzelius and proved to be correct. 
The brief period of fifty years had thus sufficed, not merely 
to lay the foundations of Inorganic Chemistry, but also to 
reveal all the main outlines of the edifice. 

The rise and development of organic chemistry, 1815- 
1865. — It now remains to condense into a single chapter the 
work of the succeeding fifty years, which witnessed a corres- 
ponding development in the daughter science of Organic 
Chemistry. For the sake of convenience the two fifty-year 
periods may be made to overlap by a single year. The second 
of the periods will then extend from 1815, when Gay-Lussac 
discovered the cyanogen radical and isolated cyanogen gas, 
up to 1865, when Kekule first put forward his structural 
formula for benzene. 

Tlie period begins with some of the earliest accurate 
analyses of organic compounds, leading at once to correct 
formulae, based upon the theories of Dalton and of Avogadro, 
for compounds such as alcohol and ether. Unfortunately, 
a few obstinate exceptions threw discredit upon Avogadro’s 
hypothesis, with the result that, in the matter of formulae, 
darkness and confusion reigned almost all through the fifty 
years that we are now considering. The marvellous energy 
of the many workers, coupled with the complex and un- 
familiar formulae which they used, render this period 
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only less difficult to study than the alchemistic period 
itself. 

Tlie supreme feature of the period was the gradual 
development of structural chemistry, leading at last to a 
clear knowledge of the way in which the atoms are linked 
together, even in the more complex products of vegetable 
and animal life. But apart altogether from all progress 
in the region of theory, there was a marvellous growth in 
the experimental knowledge of organic compounds. In 
this period we find recorded the discovery, or the first 
analysis, of methyl alcohol and its higher homologues, of a 
series of fats and fatty acids, of acetone and the ethers, of 
chloral and chloroform, glycerol and glycol, aniline and the 
amines, camphor and camphoric acid, benzene and naphtha- 
lene, and the many products obtained by chlorinating, 
brominating, nitrating and sulphonating these different 
materials. The organic chemist of to-day will recognise in 
this imperfect list evidences of advance along most of the 
principal routes by which the growth of knowledge is pro- 
ceeding in his science at the present time ; and the structural 
formulae assigned by Kekule to ethyl acetate and to benzene 
are but typical of those which are now being assigned, fifty 
years later, to the more complex terpenes and alkaloids. 

Lavoisier (1784) shows that organic substances are 
compounds of carbon and hydrogen. —The formation of 
fixed air and of water as products of the combustion of 
organic materials had been recognised vaguely from the 
time of Van Helmont (p. 64). In the case of fixed air the 
information first became definite in the hands of Black, ^ 

^ In his Lecltires on the Elements of Chemistry^ published in 1803, 
after his death, Black says that in the year 1757 he had discovered or 
proved ; — 

(1) That fixed air “is deadly to all animals that breathe it by the 
mouth and nostrils together.” 

(2) That “the change produced on wholesome air by breathing it 
consisted chiefly, if not solely, in the conversion of part of it into fixed 
air,” for “ by blowing through a pipe into lime-water, or a solution 

C C 
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of Cavendish (p. 95), and of Priestley (p. 95). The pro- 
duction of water during the burning of spirit of wine was 
frequently recorded, right up to the time of Lavoisier, who 
in 1784 obtained 18 ounces of water by burning 16 ounces 
of spirit (IVorkSj 11 . 358). But these observations could 
not be used to explain the composition of organic compounds 
until the experiments of Lavoisier (p. 97) and Cavendish 
(p. 1 13) had disclosed the composite character both of fixed 
air and of water. Wlicn these substances had been proved 
to be “oxide of carbon and “oxide of hydrogen’’ respec- 
tively, Lavoisier was in a position to describe correctly the 
nature of combustible organic substances as compounds of 
carbon and hydrogen ; indeed, some years before these 
names were introduced, he had already (pp. 145-148) made 
analyses to determine the proportions of carbon and hydro- 
gen in spirit of wine, in wax, and in olive oil. In his 
Elementary Treatise, published in 1789, Lavoisier was able 
to enumerate the chief elements present in organic com- 
pounds, usually in combination with oxygen : 

“ I have already observed that, in the mineral kingdom, 
almost all the oxidisable and acidifiahle radicals were simple ; 
that, in the vegetable kingdom on the contrary, and above 
all in the animal kingdom, there were scarcely any which 
were composed of less than two substances, hydrogen and 
carbon ; that often nitrogen and phosphorus were united 
with them, and that there were produced radicals with four 
bases” {Works, 1 . 147). 

Thus, “the acetic radical is formed by the union of 

of caustic alkali, the lime was precipitated, and the alkali was rendered 
mild.” 

(3) That “ fixed air is the chief part of the elastic matter which 
is formed in liquids in the vinous fermentation.” 

{4) That the “ deadly vapour of burning charcoal . . . must be fixed 
air,” since a piece of red-hot charcoal, inserted in the nozzle of a pair 
of chamber-bellows, imparted to the air which passed over it the power 
to render lime-water milky {Lectures, 1803, II. 87-88). 

These observations were not published for nearly fifty years, though 
manuscript copies of the lectures (which can still be purchased) appear 
to have been sold to the students by the lecture-assistant. 
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carbon and of hydrogen brought to the state of acid by the 
addition of oxygen. 'This acid is, consequently, composed 
of the same principles as tartaric acid, malic acid, etc. but 
the proportion of the principles is different for each of 
these acids, and it would seem that acetic acid is the most 
oxygenated of all ” ( IVorks^ I. 218). 

Alcohol and ether, — It would be difficult to exaggerate 
the importance to organic chemistry of the process of vinous 
fermentation. Fermented liquors have been known from 
time immemorial. The spirit or ‘‘aqua vitje’' prepared 
from them by distillation was known in the time of Geber. 
A minute description of the methods of purifying it is given 
by Raymond Lully (123 5-1 3 15). The spirit, prepared 
from dark wine, was subjected to repeated fractional distil- 
lation ; in the first distillation only one-tenth of the distillate 
was collected, then one-fourth, one-third, one-half, and 
finally (in 14 further distillations) almost the whole of the 
volatile distillate. The spirit was also dried by distilling 
from calcined tartar (dry potassium carbonate). There 
can be little doubt that by such methods Lully would 
obtain almost pure alcohol. Lully also tried the action of 
oil of vitriol on alcohol, and was one of the first to convert 
it into the still more volatile ETHf:R. The further action of 
oil of vitriol on alcohol, whereby it is converted into a gas, 
OLEFIANT GAS or ETHYLENE, w^as referred to by Becher in 
1669 and has already been described in detail (pp. 151-156). 

In view of its unique importance, it is not surprising that 
alcohol was selected by Lavoisier as the subject of his first 
organic analysis (pp. 146-148). Both alcohol and ether 
were analysed by de Sau^ure in 1807 {Ann, de Chimie, 
1807, 62 , 225-241), by a variety of methods, but with 
no great measure of success; in 1814, however {Ann. de 
Chimie^ 1814, 89 , 273-305), he obtained a very good 
analysis of alcohol, by first decomposing it in a red-hot 
tube, and a less accurate analysis of ether, by exploding 

c c 2 
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it directly with oxygen in a eudiometer. The results are 
shown below : 

Alcohol. Ether. 



Lavoisier. 

de Saussure. 

Calculated. 

de Saussure. 

Calculated. 

Carbon . 

285 

«;2*o 

52-2 

680 

64-9 

Hydrogen 

174 

137 

13-0 

14-4 

135 

Oxygen . 

SV^ 

3 r 3 

34-8 

17-6 

21*6 


The vapour densities of alcohol and ether were deter- 
mined by Gay-Lussac in 1815 {Ann. de 1S15, 95 , 


Lavoisier’s work on vinous fermentation (1789). — 

More important than the isolated analysis of spirit of wine 
is Lavoisier’s complete investigation of the process of vinous 
fermentation, as described in his Treatise.^ in 1789 {JVorks^ 
1 . 1 00- 1 08). Lavoisier was able to show that 

“ The effects of fermentation reduce themselves to a .sep- 
aration of the sugar, which is an oxide, into two portions, 
oxygenating one portion at the expense of the other to form 
carbonic acid ; deoxygenating the other in favour of the first 
to form a combustible substance, which is alcohol ; so that, 
if it were possible to recombine these substances, alcohol and 
carbonic acid, sugar would be reproduced ” ( Works, 1. 107). 

Lavoisier took 100 lb. of sugar, 400 lb. of water and 10 
lb. of yeast-paste containing about 7 lb. of water. At the 
end of some days 35 lb. of carbonic acid had escaped, 
carrying with it 14 lb. of water. There remained 460 lb. 
of liquor, containing 409 lb. of water, 58 lb. of alcohol, 
2 lb. of acetic acid, 4 lb. of sugar and i lb. of (dry) yeast. 
Lavoisier worked out a balance-sheet as follows : 


Before Fermentation : — 



Hydrogen. 

Oxygen. 

Carbon. 

Nitrogen. 

Total. 

Water 

. 61.1.3* 

346. 2.4 

— 

— = 

407. 3-7 

Sugar 

8.0.0 

64. 00 

28. 0.0 

— = 

100. 0.0 

Yeast 

0.4.5 

I.I0.2 

0.12.5 

0.0.5 ~ 

2. 12. 1 


69.6.0 

411. 12.6 

28.12.5 

0.0.5 = 

510 . 0 0 

^ 8 gros=i ounce, 
omitted from the table. 

16 ounces = 

1 pound ; 

the grains 

have been 
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After Fermentation : — 


Carbonic acid 

Hydrogen. 

Oxygen. 

25 - 7-1 

Carbon. 

9-14 3 

Nitrogen. 

Total. 

- 3 ^. 5-4 

Water 

61.5.4 

347. 10. 1 

— 

— 

=408.15.5 

Alcohol , 

9.9.2 

31. 6.2 

16. II. 6 

— 

= 57 IL 2 

Acetic acid . 

0.2.4 

I. II. 4 

0. lO.O 

— 

~ 2. 8.0 

Sugar 

0.5.2 

2. 9.7 

I. 2.3 

— 

= 4. 1 4 

Dry yeast 

0.2.3 

0.13.1 

0. 6.2 

0.0.3 

= I 6. 1 


71.8 7 

409. 10. 0 

28. 12.6 

0.0 3 

II 

€#» 

11: 

ll b 


Lavoisier’s chapter on “ Vinous Fermentation ” will always 
be remarkable for the fact that it contains one of the first 
clear statements of the law of conservation of mass during 
chemical change, sometimes described also as the inde- 
structibility OF MATTER, aiid One of the first descriptions 
and illustrations of a chemical equation. The inde- 
structibility of the atom had already been postulated by 
Newton (p. 292). The proof that the total mass is unaltered 
by chemical changes is closely bound up with the proof 
that heat is imponderable ; this proof had been given by 
Cavendish for the explosion of hydrogen and oxygen (p. 113) 
and by Lavoisier himself for the calcination of tin in closed 
vessels (pp. 35-38). Lavoisier w^as therefore able to enunciate, 
as a guiding principle for his work on fermentation the law 
that : 

“ Nothing is created, either in the operations of art, or in 
those of nature, and it may be set out as a principle that, in 
every operation, there is an equal quantity of matter before 
and after the operation ; that the quality and the quantity 
of the principles is the same, and there are only changes, 
only modifications.” 

“ On this principle is based the whole art of making ex- 
periments in chemistry : in all of them one must suppose a 
true equality or equation between the principles of the body 
which one examines and those which one obtains from them 
by analysis. Thus, since grape-juice gives carbonic acid gas 
and alcohol, I can say that grape-juice = carbonic acid 4- 
alcohoF^ {IVorkSf L 10 1). 



390 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 

Organic analyses of Gay-Lussac and Thenard (1810). — 

The foundations of organic analysis were laid by Lavoisier 
in the two papers that have already been quoted (pp. 145- 
148); but it was not until many years later that simple and 
accurate methods became generally available. Some of the 
earlier workers, including Berthollet, relied upon decompos- 
ing the organic compounds by heat into charcoal, which 
could be weighed, and gaseous products which could be 
analysed in the eudiometer. 

In 1810 a general method of analysis was worked out by 
Gay-Lussac and Thenard i^Physico-Chemical Researches^ 
1811, II. 265-350) and applied to four substances contain- 
ing nitrogen and fifteen substances free from nitrogen. T'he 
substance was mixed with a known weight of potassium 
chlorate, made into pellets and burnt by dropping into a hot 
tube (Fig. 49). The gases produced by burning the pellets 
(oxygen, carbonic anhydride, and nitrogen, if present) were 
collected and analysed. From the volume of carbonic 
anhydride the weight of carhm in the substance could be 
calculated ; a similar calculation gave the weight of nitrogen. 
Blank experiments showed what volume of oxygen was set 
free by igniting the chlorate alone. In several cases the 
deficiency of oxygen w^as exactly equal to that due to the 
formation of carbonic anhydride ; any part of the weight 
of the substance not accounted for after adding together the 
carbon and nitrogen, together with other easily recognised 
elements, such as chlorine, phosphorus and the metals, was 
then regarded as water. A greater or less deficiency of 
oxygen indicated the presence of an excess of hydrogen or 
of oxygen^ above the proportions required to produce water. 

The analyses of Gay-Lussac and Thenard revealed the 
remarkable fact that six of the substances analysed (sugar, 
gum, starch, milk-sugar, oak-wood, and beech-wood) con- 
tained carbon united with hydrogen and oxygen in just the 
proportions in which they are required to form water. Such 
compounds are now known as carbohydrates. These six 




Fir.. 49. “Gay-Lussac and 1 'denard's Apparatus for the Combustion of 
OKGANfc Compounds. 

of hard glass, 20 cm. long and 8 mm. wide, carried a side-tube 
/>/> , le.admg into a trough of mercury. A copjwir cap CC', cemented to the top 
01 the tube /I A , carried n glass tap (shown on a larger scale as an inset) 
and a cup of broken ice h h , to prevent the grease on the tap from melting down 
into the hot lube. The tap DIT w.as not pierced in the usual way, but had a 
small cavity, m which a pellet could be inserted, and dropped into the hot tube 
without opening it to the air. Several pellets were burnt to displace the air 
from the app.aratus, and the gases set free by burning a known weight of the dry 
pellets were then collected, measured and analysed. 


Berzelius (1815) assigns formulse to organic compounds. — 

In 1815 Berzelius described a new series of organic analyses 
which he carried out “in order to determine how far the 
laws which I had established in inorganic nature could be 




392 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 



applied to organic 
bodies {Anv. de 
Chimie^ 1815, 94 , 
1-28, 1 70-190, 296- 

323, 95, 51-90). 

These analyses 
were made by a 
modified form of the 
method of Gay- 
Lussac and Thenard, 
in which the carbon 
and the hydrogen 
were determined 
directly, by weighing 
the water and the 
carbonic anhydride 
produced by combus- 
tion. The water was 
caught in a small 
glass bulb, followed 
by a tube filled with 
calcium chloride ; the 
carbonic anhydride 
was driven forward 
into a bell-jar filled 
with mercury, where 
it was absorbed in a 
small bulb containing 
solid potash (Fig. 50). 
I'he substance was 
burnt by mixing it 
with potassium chlor- 
ate, copiously diluted 
with common salt 
to restrain the viol- 
ence of the combus- 
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tion; potassium chlorate, not mixed with the substance, was 
placed at both ends of the combustion-tube, in order to 
provide an ample supply of oxygen (i) to complete the burn- 
ing, (2) to drive the products of combustion forward into 
the absorption-apparatus. Extreme care was needed to dry 
perfectly all the materials with which the combustion-tube 
was charged. 

Berzelius analysed nine organic acids in the form of 
their lead salts, and four carbohydrates, thus covering much 
the same ground as Gay-Lussac and Thenard. But, unlike 
them, he was able to check his analyses by the requirements 
of the newly-established atomic theory and to express the 
composition of his compounds by means of formulae. 
Berzelius’s formulae for the acids are usually those of the 
lead salt minus lead oxide, or of the acid minus water ; 
apart from this, they agree very well with those adopted 
to-day, the few differences that occur being due to an over- 
estimation of the hydrogen. This is shown by the following 


comparison : 


Berzelius’s 

formulae. 


Modern formulae. 


Citric acid 

Clio 

QlIsO, - 

H20 = CfiHA = [CH0]8 

Tartaric acid . 


0411^05 — 

HgO = 0411405 

Oxalic acid . 

C,., 110,8 

C2H204 — 


Succinic acid . 

C4IL03 

- 

n,o^c,ii,Os 

Acetic acid 

C4H603 

2C2H.02 - 


Gallic acid 

CfiH«03 

QBrO, (pyrogallol) 

Mucicacid 




Benzoic acid . 

Cdl,0 

C,He02 


Tannin . 

c;h ;,04 



Sugar 

Ci^H^iOjo 

L12B22O11 ■ 

- lIjO — 

Milk-sugar 

CHgO 

Gi2H2»Oji, 

H30=[Cnj0],j 

Gum 

f^) 3 H 240 j 2 



Starch 


C«H,oO, 


Combustion by means of metallic oxides. — It should be 


noticed that metallic oxides were used for the quantitative 
combustion of organic substances by Lavoisier, who used red 
lead (p. 146), as well as by Berzelius, who used the brown 
peroxide in his earlier analyses. The oxides of leads were 
discarded in favour of potassium chlorate, because they 
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could not easily be freed from moisture and from carbonic 
anhydride. The black oxide of copper was first used by Gay- 
Lussac, in 1815, for the combustion of mercuric cyanide 
(Ann. de Chtmte, 1815, 95 , 184), and in the hands of 
Liebig {Fogg. Ann. der Fhysik^ 1831, 21 , 1--43) soon became 
the standard oxidising agent in organic analysis (see Fig. 51). 

B. The Structure of Salts. 

lavoisier’s oxygen-theory of the structure of salts. 

— The idea that compounds possess a definite structure 
originated from observations on the interactions of acids 
and bases to form salts. Mayow, in considering this action, 
concluded (A.CR. XVII. 160) that ‘‘although [acids] and 
alkalis pass into a neutral substance when they meet, yet 
they do not, as is generally supposed, entirely destroy each 
other.” Each grain of salt must then contain, intimately 
united within it, a certain portion of acid and a certain 
portion of alkali. Lavoisier elaborated this idea by regard- 
ing the acid and base as themselves compounded of a non- 
metal or a metal united with oxygen, so that the structure 
of the salt might be represented as : 

salt = ACID -f BASE 

= {non-metal + oxygen} + {metal + oxygen} 

“ The acidifiable substances, when combined with oxygen 
and converted into acids, acquire a great tendency to 
combination ; they become capable of uniting with earthy 
and metallic substances, and it is by this union that 
neutral salts are produced” (Treatise^ 1789; Works., I. 

115)- 

Berzelius’s dualistic theory ( 1819 ). — Lavoisier’s theory 
broke down when it was discovered that acids (such as 
muriatic acid) and bases (such as ammonia) existed, in 
which no oxygen was present, but its essential features were 
revived by Berzelius in his “Theory of Chemical Proper- 
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tions” 1819. Speaking in terms of Dalton’s Atomic Theory 
he suggests that 

“ When atoms of two different substances combine, a 
compound atom is produced, in which we suppose the force 
producing combination to be infinitely stronger than all the 
conditions which might tend to separate the united atoms. 
This compound atom must be considered to be as indivisible 
by mechanical means as an elementary atom.” 

“ These compound atoms combine with other compound 
atoms, giving rise to atoms still more compound in their 
nature. When these in their turn combine with others, 
they produce atoms of still more complex composition. 
These different atoms must be distinguished. We will 
divide them into atoms of the first, second, third order, etc.” 
(^Chemical Proportions^ 1819, p. 26). As an example he 
quotes the case of alum : 

Elements. Compounds. 

First Order. Second Order. Third Order. Fourth Order. 

Potassrum } Isulphateof' 

Oxygen \ Sulphuric j 

Sulphur / anhydride ^ ^ ^ ^Dry Alum 

^ I Sulphate of 

Aluminium} / Alumina Ulum crystals 

Dxygen 1 ^ 

Hydrogen / 

The chief feature of Berzelius’s theory of the structure of 
salts is the combination of elements and compounds in 
pairs ; it is therefore frequently described as the dualistic 
THEORY. Although it was applied in the first place only 
to the combination of elements with oxygen, and of basic 
with acidic oxides, it was easily extended to include the 
combination of metals with chlorine, even when the chlorides 
were proved to be binary compounds, analogous with the 
oxides, instead of ternary compounds analogous with the 
sulphates. Further, in his “ Memoir on the Sulpho-salts,” 

{Ann. Chim. Phys. 1826, 32 , 60) Berzelius had no difficulty 
in showing that these salts, formed by the combination of 
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two sulphides, were strictly analogous with the oxy-salts 
formed by the combination of two oxides. 

Berzelius’s electro-chemical theory (1819). — Berzelius’s 
theory included one other unifying feature to which 
attention must be directed. Berzelius and Hisinger (p. 273) 
had been the first to show that the electric battery could 
produce, not only a decomposition of water, but also a 
resolution of the dissolved salts into acid and base. This 
observation was soon followed by Davy’s discovery of the 
decomposition of the alkalis and earths into metal and 
oxygen when the same agency was applied to these sub- 
stances in the absence of water. As the electric current 
was thus proved to be the most powerful agency for resolv- 
ing chemical compounds, Berzelius concluded that chemical 
affinity was electrical in character. 

We are now confident that substances on the point of 
combining, exhibit opposite electric charges, increasing in 
strength as they approach the temperature at which com- 
bination takes place, until, at the moment of union, the 
charges disappear with a rise of temperature which is often 
so great that fire blazes out. On the other hand, we are 
equally confident that compound substances, exposed in a 
suitable form to the action of the electric fluid produced 
by the discharge of the pile, are separated and recover their 
original chemical and electrical properties, whilst the charges 
acting on them disappear.” 

“ In the actual state of our knowledge, the most probable 
explanation of combustion and of the ignition resulting 
therefrom, is then : that in all chemical combmation there is 
a netitralisation of opposite electric charges^ and that this 
neutralisation produces fire in the same way as in the dis- 
charge of a Ley den jar ^ an electric pile or lightning, although 
not accompanied, in these last phenomena, by a che 7 nical com- 
bination^* {Chemical Proportions, 1819, 72-73). 

Berzelius’s electro-chemical theory, as thus enunciated, 
accounted not only for chemical combination, but also for 
the liberation of light and heat, thus destroying the necessity 
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which Lavoisier had felt for postulating the existence of 
“ matter of fire ” and “ matter of heat ” as imponderable 
constituents of substances, set free from them when they 
combined together. In this attempt at unification Berzelius 
anticipated, not only the science of Thermo-cliemistry, which 
attempts to measure the energy of chemical combination in 
units of heat, but also the later and more accurate method 
of expressing energy of combination in terms of electromotive 
forces. 


C. The Theory of Compound Radicals. 

Structure of organic compounds. Presence of compound 
radicals. — Berzelius’s dualistic electro-chemical theory was 
based upon his observations of the decomposition of mineral 
substances by the electric current, and was applied primarily 
to salts, acids and bases, which yielded readily to this treat- 
ment. But it threw very little light upon the structure of 
organic substances, such as sugar, alcohol, or olive-oil, which 
would not conduct the current and were not decomposed 
by it. Lavoisier, who regarded the mineral acids as binary 
compounds of oxygen with a simple elementary radical such 
as carbon, sulphur or phosphoru.s, had been obliged to 
recognise that the organic acids contained oxygen in combin- 
ation with both carbon and hydrogen, and sometimes also 
with nitrogen and phosphorus ( Works^ 1 . 147). These com- 
pound radicals could not be resolved by the dualistic theory 
and were frankly recognised by Berzelius as demanding 
exceptional treatment. 

“ [Compounds] of the first order are composed of simj)le 
elementary atoms ; they are of two kinds, organic and 
inorganic. The latter never contain more than two 
atoms ; the latter always contains at least three” {^Chemical 
Proportions,, 1819, p. 26). 

“ In inorganic nature all oxidised bodies contain a simple 
radical,, while all organic substances are oxides of compound 



XVII 


MOLECULAR ARCHITECTURE 


399 


radicals. I'he radicals of vegetable substances consist 
generally of carbon and hydrogen, and those of animal 
substances of carbon, hydrogen and nitrogen’’ (Textbook^ 

1817, 1, 544)- 

Gay-Lussac on the cyanogen radical ( 1815 ). — An excel- 
lent example of a compound radical of organic origin was 
available in the case of prussic acid, which Gay-Lussac had 
described in 1815 as a compound of hydrogen with the com- 
pound radical cyanogen (p. 245). T'he analogy between the 
compound organic radical cyanogen and the simple inorganic 
radical chlorine was remarkable. It could combine, not 
only with hydrogen, but with chlorine and with metals such 
as potassium, silver and mercury; it could also exist alone 
in the form of a gas, which was evidently the analogue of 
chlorine gas. The similarity of the two series of compounds 
may be shown by writing their forrnulie, as is often done 
with the symbol Cy Jahrcsbericht^ 1839, 18 , 

120), to represent the compound-radical CN. Thus we 
have 

Chlorine, Cl. 

I Chlorine gas . . CI2 

Muriatic acid . HCl 

P()la.ssiuni cliltiride KCl 
Silver cyanide , AgCN or AgCy Silver chloride . AgCl 

Mercuric cyanide. IlgC2N2 or HgCyj Mercuric chloride . IIgCl2 

Wohler and Liebig ( 1832 ) on the benzoyl radical. — 

The importance of the theory of radicals became evident 
when Wohler^ and Liebig, in 1832, published their “Re- 
searches on the Radical of Benzoic Acid ” (Liebig’s Afin. 
der Pharm,^ 1832, 3 , 249-282). In these researches they 
showed that oil of bitter almonds could be converted into a 

^ Wohler was already well-known for his preparation of aluminium 
{Po^. Anft. der Physik, 1827, 11 , 146-161) and for his synthesis of 
urea, a typical animal product, from inorganic materials {Pogg. Ann. 
der Pkysiki 1828, 12, 253-256) ; the urea was obtained in attempting 
to prepare ammonium cyanate, and is formed as a product of "isomeric 
change,” (NH^CNO — ^CONiH^. 


Cyanogen, CN or Cy. 
Cyanogen gas or Cy2 

Cyanogen chloride CICN or ClCy 
iVus.sic acid . . IICN or IlCy 

Totassiuin cyanide KCN or KCy 



400 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


series of compounds, all of which might be regarded as 
derived from a compound radical, which they proposed 
to call BENZOYL (Joc. cit, p. 279). This radical combined 
with hydrogen to form oil of bitter almonds, with oxygen 
and hydrogen to form benzoic acid, with chlorine, bromine, 
iodine, sulphur and cyanogen to form benzoyl chloride, 
bromide, iodide, sulphide and cyanide. These compounds 
may by represented by the following formulae : ^ 


Benzoyl = C7II5O. 

Oil of bitter almonds = benzoyl hydride . = C7H50'H 

Benzoic acid = benzoyl hydroxide . . = C7H60‘0H 

Benzoyl chloride = 07140 ‘Cl 

Benzoyl cyanide = C7lIjO’CN 

Wohler and Liebig also prepared : — 

Benzamide = C7H50‘NH2 

Ethyl benzoate = C7H50'0C2H5 

Benzoin, a solid having the same composition as 
oil of bitter almonds, but now regarded as a 
polymer (071^5011)2 = 


Berzelius was delighted with the discovery made by 
Wohler and Liebig. The compound radicles which had 
been studied hitherto had been binary compounds of two 
elements, e.g.y cyanogen, CN, ammonium, NH^ ; the 
benzoyl group was the first example of a compound radical 
containing three elements, which nevertheless showed very 
many of the properties of a simple substance. In a well- 
known letter to Wohler and Liebig, dated from Stockholm, 
Sept. 2, 1832, and published at the conclusion of their paper 
(Liebig’s Ann. der Pharm., 1832, 3 , 282-287), Berzelius 
writes : 

“The facts that you have ascertained suggest so many 
considerations, that they may well be regarded as the begin- 
ning of a new day in vegetable chemistry, I would therefore 
propose, to call the first example of a compound radical 
containing more than two substances Proin (from TrpinC^ the 

^ Wohler and Liebig doubled these formuloe and wrote benzoyl = 
Cj4Hi(, 02 ; chlorobenzoyl (benzoyl chloride) == C14HJ0O2CIJ, etc. 
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beginning of the day. . .) or Orthrin (from 6 p 0 f) 6 <;, dawn of 
the morning) (4?<r. cit, p. 285). 

As in the case of the ammonium radical, which he had 
represented by the symbol Am, Berzelius proposed to repre- 
sent the benzoyl radical by a single symbol, Bz, thus 

Oil of bitter almonds = BzH 

Benzoyl chloride = BzCl, etc. 

He also proposed to describe by the name amide the 
compound radical NH.2, which is formed by removing an 
atom of hydrogen from ammonia as in 

QH,0*NH.2 - Benzamide, 

K'NHg == Fotassamide, 

Na'NIT^ ~ Sodamide. 

The structure of alcohol and ether. Dumas and 
Boullay (1827) on the aetherin radical. — The action of 
sulphuric acid on alcohol had long been known to give rise 
on one hand to olefiant gas (Chap. VIII, p. 155), and on 
the other hand to a volatile, inflammable liquid, which was 
generally described as “ sulphuric ether,'' but is now known 
simply as ether." Gay-Lussac in 1815 {Ann, de Chimie^ 
1815, 95, 311-318), by mea.suring the vapour-densities of 
alcohol and of ether, showed that their composition might 
be represented as follows : 

Alcohol ~ Olefiant Gas 4- Water-vapour 
1 vol. I vol. I voh 

Ether = Olefiant Gas 4- Water-vapour 

I voL 2 vols. I vol. 

In an important memoir “ On the Compound Ethers " ^ 
{Anu, Chim. Fhys,^ 1828 , 37, 15-53), Iliunas and Boullay 
showed further that the ethereal substances formed by the 
action of acids on alcohol could all be represented as com- 

' Read at the Paris Academy of Sciences on Dec. 24, 1827, and 
published in the Mdmoires de Plnsiiluty 1838 (!), 15, 457-494. 

D D 
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pounds of the acids with olefiant gas formed by the removal 
of water from the alcohol. They concluded : 

‘‘That olefiant gas plays the part of a very powerful 
alkali, endowed with a capacity of saturation equal to that 
of ammonia, of which it would probably show most of the 
reactions, if it were, like ammonia, soluble in water. 

2. That alcohol and ether are hydrates of olefiant gas. 

3. That the compound ethers are salts of olefiant gas, 
etc.” {/oc. cit. p. 52). 

The analogy of composition between the compound 
ethers and the salts of ammonia was shown in a -table, a 
part of which (using modern atomic weights and formulie) 
would read as follows : 

Compound Ethers?- Avtmonium Salts, 

Alcohol, C2H4,H.20 ^Ammonium hydroxide, NHaJI-^O 

Sulphuric ether, 2CiH4,HoO ^ Ammonium oxide, 2NH;^,H20 
Hydrochloric ether, C,H4,nCl Ammonium chloride, NH3,IIC1 
Hydriodic ether, C.2H4,in Ammonium iodide, NIIj,!!! 
Nitric ether, C-jIUjIINO.^ Ammonium nitrite, NH;„HN0.2 

Acetic ether, C.2H4,C2H402 Ammonium acetate, NH3,C2H402 

Sulphovinic acid ^ C>n4,Il2*S04 Ammonium bisulphate, NH3, H2SO4 


Liebig (1834) on the ethyl radical.— Berzelius in dis- 
cussing Wohler and Liebig’s paper “ On the Radical of 
Benzoic Acid,” adopted the view of Dumas and Boullay in 
reference to the composition of alcohol and the ethers. He 
suggested {Ann. der Pharm.,^ 1832, 3, 286) that the group 
of atoms pre.sent in olefiant gas should be described as 
AETHERiN and represented by the symbol Ae. Liebig him- 
self (“On the Constitution of Ether and its Compounds,” 
Ann, der Pharni.y 1834, 9 , 1-39) adopted a different view. 

^ The compound ethers were named after the acids used in preparing 
them but “ sulphuric, phosphoric, arsenic ethers , . . are identical 
amongst themselves” {loc, cit, p. 15), being merely alcohol deprived of 
water. 

Examined just before by Dumas and Boullay (*‘ Memoir on the 
formation of Sulphuric Ether,” Ann, Chun. Ehys.^ 1827, 36 , 294- 
310) as the first product of the action of sulphuric acid on alcohol. 

® Isolated in 1 909, see p. 287. 



XVII MOLECULAR ARCHITECTURE 403 

Just as Ampere in 1816 had regarded the salts of ammonia 
as formed by the union of “ammonium” (ammonia and 
hydrogen) with chlorine, iodine, sulphur, etc., so Liebig re- 
garded the compound ethers as formed by the union of ethyl 
(aetherin and hydrogen) with chlorine, bromine, iodine, etc. 
If aetherin be represented by the modern formula, C2H4, of 
olefiant gas, then ethyl must be represented as C^Hg, thus : 

ammonium = NHg -I- H = NH4 =^Am 
ethyl - C2H4 + H = = Et 

On this view 

alcohol = ethyl hydroxide == or IClOH 

ether ~ ethyl oxide = (CjH5)20 or EtgO 

muriatic ether = ethyl chloride == (C2H5)C1 or EtCl 

just as, according to Ampere’s view, 
sal-ammoniac = ammonium chloride = (NH4)C1 or AmCl 
Actually, Berzelius and Liebig doubled the formulae of these 
radicals and wrote 

aetherin = C4H8 = Ae 
ethyl == QHjo - E 

ether == QH^oO = Ae -f HgO, or EO 

alcohol = €411^302 *= Ae-f- 2H2O or EO-f H^O 

ethyl chloride — C4 HjqC 12 = Ae -I- H2CI2 or E + Clg. 

It will be seen that in doing this they broke away finally 

from the idea that the relative sizes of the molecules could 
be deduced from measurements of vapour density ; thus, 
alcohol, with a lighter vapour than ether, was now repre- 
sented as a compound of ether and water, and all their 
derivatives were regarded as containing at least four atoms 
of carbon. 

Dumas and F^ligot (1834) discover a new alcohol in 
spirit of wood. Methylene and methyl as radicals. — 

In 1834 Dumas and Pdligot read to the Academy a paper 
“ On a New Alcohol and on the different Ethereal Com- 
pounds derived from it” {Mem, Insty 1838, 15 , 557-632). 

D D 2 
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They showed that spirit of wood ^ contained a compound in 
which they ‘‘ recognised all the characters of a true alcohol.” 
In order to describe the new alcohol and its derivatives they 
proposed to give the name methylene (from jxeOv , wine, 
and vkr}, wood ; that is to say, wine or spirituous liquor of 
wood”) to the radical which it contained (/oc. cit, p. 561). 
dliey showed that 

“ I. Spirit of wood corresponds with alcohol. 

2. By losing half its water, it forms a gaseous ether. 

3. Its radical unites volume by volume with the 
hydracids to form neutral anhydrous ethers, etc.” [loc. cit. 
p. 620). 

They regarded the radical methylene, which they were 
not able to isolate, as a hydrocarbon having the same com- 
position as ethylene, but containing only half as many atoms ; 
in just the same way, ethylene in its turn had the same 
composition as the hydrocarbon (butylene) which Faraday 
had isolated from oil-gas, but contained only half as many 
atoms. Using modern formulae‘s the three compounds are 
Methylene (not known) CHg 

Ethylene (olefiant gas) C.2H4 

Butylene (Faraday’s hydrocarbon) C4Hg 
All the ethers derived from spirit of wood could be con- 
sidered as formed by the addition of water or of acids to 
methylene, but it was pointed out {loc. cit. p. 625) that they 
might also be regarded as oxides, chlorides, etc., of a 
hypothetical radical, analogous wfith ethyl, to which the name 
METHYL is now given. Thus, again using modern formulae/ 

^ Discovered by Philip Taylor in 1812, and described by him ten 
years later in a letter to the editors of the Philosophical Magazine ^ 2822, 

60, 315-317- 

^ Dumas formulated the three hydrocarbons as CH, C2H2, C4H4. 
But these were multiplied by four in their compounds ; methylene 
hydrate (methyl ether, C2HflO) was C4H4,H20 or C4H80(C~6); 
spirit of wood (methyl alcohol, CH4O) was methylene bihydrate, 
C4H4,2H20 or C4H8O2 ; ordinary alcohol (CgHeO) had now grown to 
C8H22O2, Dumas having followed Berzelius and Liebig in regarding 
it as a hydrate of ether. 
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spirit of wood, CH4O 
= methylene hydrate, 
or methyl hydroxide, CH3 OH ; 
its gaseous ether, CgH^O 

= methylene hydrate, 2C'H^,H.,0, 
or methyl oxide, (CH3).^0; 
its gaseous chloride, CH^Cl 
= methylene hydrochloride, 
or methyl chloride, CH3CI. 

Dumas and Liebig united. — The discovery of methyl 
ALCOHOL, CH4O, and its derivatives greatly strengthened the 
theory of radicals, since it showed that when applied to a 
new group of ethers “in a series of very complicated 
phenomena, one could predict everything, explain everything 
and submit everything to calculation” {Joe, cit. p. 621). It 
had further become evident that the difference between 
Dumas and Boullay^s “ethylene” or “aetherin” and 
Liebig’s “ ethyl ” theory of the ethers was only of secondary 
importance ; both radicals might, in fact, be regarded as 
hydrides of the still simpler radical, CgHg, which Liebig 
called “acetyl.”^ In just the same way ammonia and 
ammonium could be regarded aa two hydrides of Berzelius’s 
“amide” radical, NH.^. Thus, in modern formulse 

Amide =NH2 = Ad “Acetyl”^ =C2H3 = Ac 

Ammonia =NH3=:AdII Aetherin (ethylene) = CoIL^AcH 

Ammonium = NH4 = AdH2 Ethyl =C.'2H5 = AcH2 

(Liebig, A 7 in. dcr Pharm.,, 1839, 30 , 139)- 

Having thus settled their main points of difference Dumas 
and Liebig decided in 1837 to combine their forces in a great 
campaign to establish a “ natural classification of organic 
compounds” by a detailed study of their component 
radicals. A joint manifesto in reference to their programme 
was issued in the form of a “ Note on the present position 
of organic chemistry” {Comptes rendus^ 1837, 5 , 567-572), 

^ The word “acetyl” is now used to describe the radical 
(see page 431). 
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a joint report on the subject was to be prepared in response 
to a request from the Liverpool meeting of the British 
Association, and from 1838 to 1841 Dumas and Graham 
appeared as collaborators with Liebig in the publication of bis 
An?ia/en. This happy collaboration was to be made effec- 
tive by training a new generation of chemists; it was there- 
fore no mere coincidence that resulted, ten years later, in 
the association together of Auguste Laurent (1807-1853, 
pupil of Dumas) and Charles Gerhardt (1816-1856, pupil 
of Liebig) in another campaign to establish a rational system 
of atomic weights and formuloc in chemistry ; only the early 
death of these two workers prevented them from seeing the 
triumph of their ideas through the masterly exposition of 
Cannizzaro. 


D. The Theory of Substitution. 

Dumas ( 1834 ) on substitution or metalepsy.— In the 

second part of his Researches in Organic Chemistry, On 
the Action of Chlorine on Alcohol. The Law of Substitu- 
tions or Metalepsy,” read before the Academy of Sciences 
at Paris, on Jan. 13, 1834, Dumas directed attention to the 
fact that 

“Chlorine possesses the remarkable power of seizing 
hold of the hydrogen of certain substances, and replacing 
it atom by atom. This law of nature, this law or theory of 
substitutions, has seemed to me to be worthy of a special 
name. I propose to call it metalepsy ^ from fxerdXrjkl/L^f which 
expresses well enough that the body on which one acts, has 
taken one element in the place of another, chlorine in f)lace 
of hydrogen, for example” {Mem. Inst., 1838,^ 15 , 548). 

The laws of substitution were set out in the following 
year in his Treatise on Chemistry as follows : 

“ I. When a hydrogenated compound is submitted to 
the dehydrogenating action of chlorine, of bromine, of 

^ This passage does not appear in the paper as published four years 
earlier in the Amt, Chim. Phys., 1834, 56 , 1 13-154. 
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iodine, of oxygen, etc., for each atom of hydrogen which 
it loses, it gains an atom of chlorine, of bromine or of 
iodine, or half an atom of oxygen ; 

2. When the hydrogenated compound contains oxygen, 
the same rule applies without modification ; 

3. When the hydrogenated compound contains water, 
this loses its hydrogen without replacement, and hereafter, 
if a further quantity of hydrogen is removed, it is replaced 
as in the preceding cases’^ (Treatise on Chemistry^ 1835, V. 
99 )- 

The following examples of simple substitution of chlorine 
for hydrogen are given in his Memoir (loc. cit, pp. 549-556) 
and quoted again in his Treatise [loc, cit. pp. 99-102). 

(a) Gay-Lussac, in 1815, (Ann^de Ch/m/e^ 1815, 95 , 210) 
had shown that hydrogen cyanide, in passing into cyanogen 
chloride “loses one volume of hydrogen and gains exactly 
one volume of chlorine.'^ 

HCN + Cl2 = ClCN + Ha. 

(d) Wohler and Liebig, in 1832 (see above p. 400), had 
shown that oil of bitter almonds “treated with chlorine, 
loses two volumes of hydrogen and gains precisely two 
volumes of chlorine,’^ 

4 - CI2-QH5OCI 4 - HCl.i 

(i-) Faraday, in his experiments on the chlorination of 
Dutch liquid (ethylene chloride) (/%//. Trans.^ 1821, 47-74), 
had found that “ chlorine, acting on it in sunlight, produces 
a chloride of carbon, absolutely free from hydrogen.’’ The 
composition of this solid perchloride of carbon can be pre- 
dicted by the law of substitution and agrees exactly with 
Faraday’s analysis. 

C2H4CI.2 4 - 4CI2 = CgClfi 4 - 4HCL 
Eemoval of hydrogen without replacement.— The re- 
servation in the third law of substitution was introduced to 


^ These formulae were doubled: hence the “two volumes” of 
hydrogen and chlorine. 
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account for the fact that hydrogen was sometimes removed 
(wholly or in part) without replacement. Thus, in the con- 
version of alcohol into chloral by the action of bleaching 
powder it was seen that “the ten volumes of hydrogen, 
removed from the alcohol, have been replaced by only six 
volumes of chlorine,’' or, in terms of modern formulae, five 
atoms of hydrogen have been replaced by only three atoms 
of chlorine. 

+ 4CI2 = C2IICI3O + 5HCI. 

Dumas explained this on the view that alcohol was com- 
posed of ethylene and water ; the ethylene obeyed the 
ordinary law of substitution, whilst the water (as Berthollet 
had observed in 1785) gave oxygen and hydrogen chloride, 
thus : 

C,H,-f3a2= CJICb -H3IICI 
H2O -fCb = O +2HCI 

C2H60-P4Cl2= CjIJClaO-PsHCI 


This removal of hydrogen without replacement was regarded 
as a test for the presence of water, as distinct from other 
forms of hydrogen, in the molecule. Thus, oxalic acid, 
which loses hydrogen on oxidation to carbonic acid, 

HA04~H2=2C02, 

was regarded as containing the whole of its hydrogen in the 
form of water, and was written as a hydrate, C203,HjjO.^ 

Berzelius (1838' 1843) objects to the presence of 
oxygen and chlorine in organic radicals and to the whole 
theory of the substitution of oxygen and chlorine for 
hydrogen. — Berzelius, who had welcomed Wohler and 
Liebig’s discovery of the benzoyl radical as the dawn of a 
new day in organic chemistry, soon repented of his rashness 
in admitting oxygen as a constituent of an electro-positive 
organic radical. In the particular case of oil of bitter 

^ €403,1120 in the original (C=6). 
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almonds (benzaldehyde) he proposed to remedy this error 
by regarding the compound, not as benzoyl hydride, 

(C,H 50 )H, 

but as an oxide, (C7H(>)0, of a radical picramyl«= Pk = 
from 7 rLKp(U^ bitter, afivySdXrfj almond {Jahresbericht^ 
1843, 22 , 328). This policy of robbing the radicals of their 
oxygen had already been adopted in 1830 by Hermann, who 
had suggested that 

‘‘ The vegetable acids all share the characteristic that they are 
compounds of oxygen with hydrocarbons. They are thus 
all to be regarded as different stages of oxidation of hydro- 
carbons. Thus vegetable acids ~ CH + atO (P oggendorPs 
Anna/en ckr Physik^ 1830, 18 , 396). 

This view-had been favourably received by Berzelius {Jahres- 
hericht^ 1832, 11, 210) and was afterwards adopted by 
Liebig ([.). 405) when he gave to the radical C2H3 the name 
“acetyV’ thus implying that the radical of acetic acid was 
a simple hydrocarbon. 

But, if Berzelius thus objected to the presence of oxygen 
and chlorine in the organic radicals, he had a still greater 
objection to the idea that these elements could creep 
in by a process of substitution for hydrogen. 

“ An element so eminently electro-negative as chlorine, 
can never enter an organic radical : this idea is contrary to 
the first principles of chemistry ; its electro-negative nature 
and its powerful affinities would prevent it from entering 
except as an element in a combination peculiar to itself” 
{Comptes rendus^ 1838, 6, 633 ; Ann. Chim. Phys.y 1838, 67 , 

309)- 

In order to maintain this opinion, Berzelius M^as obliged, 
in every actual case of substitution, to extradite the chlorine 
from the electro-positive to the electro-negative part of the 
molecule and to invent some new method of constructing 
the radical. One example will suffice to illustrate his 
' C14H13, in the original. 
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method. Malaguti {Comptes rendus, 1837, 5 , 334) had 
succeeded in introducing four atoms of chlorine into 
ordinary ether. 

C4H10O + 4CI2 = QH,C 1,0 + 4HCI. 

The simplest explanation was to suppose that chlorine 
had entered the ethylene or ethyl radicals ; but this would 
imply the co-existence in the electro-positive radical of hydro- 
gen and chlorine. Berzelius preferred, therefore, to recon- 
struct the whole molecule and to write it thus : 

CAAO-CoH.O-hQCl^; 

the molecule then no longer contained any trace either of 
ethyl or of ethylene, but was now composed of methyl oxide 
and carbon chloride {Comptes rendits^ 1838, 6, 634; Ann, 
Chim. Phys,, 1838, 67 , 310). 

Chlorine, in organic compounds, “ takes the place ” and 
“ plays the part ” of hydrogen. — Dumas at first accepted 
Berzelius’s view that the chlorination of an organic compound 
might involve a reconstruction of the radicals which it con- 
tained and in replying to Berzelius^ letter emphasised the 
fact that the theory of substitution is an empirical rule ” 
{Comptes rendu 1838, 6 , 702). 

“The theory of substitutions expresses then a simple 
relation between the hydrogen that goes out and the chlorine 
that enters. In the majority of cases this relation is one of 
volume for volume. In announcing it, I believe that I 
rendered a real service to science. Indeed, before it had 
been signalised, there existed hardly a single exact analysis 
of a compound formed by the action of chlorine on an 
organic substance. Since it has fixed the attention of 
chemists on this kind of reactions, the facts have multiplied, 
the analyses have received a precision of which the impor- 
tance has been recognised ” {Comptes rendus^ 1838, 6 , 699). 

It was not long, however, before the amazing complexities 
of Berzelius’s formulae, and the extreme simplicity of the 
theory of direct replacement, compelled him to adopt the 
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view of his colleague Laurent that (as he expressed it some 
years later) 

In the phenomena of substitution the type is conserved, 
that is to say that not only does the chlorine lake the place of 
the hydrogen, but that it plays the same part^' (Dumas, 
“Note on Substitutions,” Ann, Chim. Phys,^ 

487-496, p. 496). 

At the same time he repudiated, definitely and finally, 
Berzelius’s electrochemical theories, as being neither “ based 
on evident facts,” nor even valuable as a hypothesis in 
“ explaining and predicting facts ” {Comptes rendus^ 1839, 8 , 
621). 

Liebig also was soon compelled to break away from the 
complexities into which Berzelius’s electrochemical theories 
had led him and, in footnotes to two of Berzelius’s papers, 
added that : 

“ I do not share the views of Berzelius, since they rest 
upon a mass of hypothetical assumptions, for the correct- 
ness of which proof of every kind is lacking.” 

“ I do not share the views, by which he explains the com- 
position of the compounds discovered by Malaguti,^ I 
believe on the contrary, that these materials are produced by 
simple substitutions” {Ann, Chem, Pharm.^ 1839, 31, 119, 
32, 72 ). 

E. Organic Types, Nuclei and Residues 

Dumas (1839) adopts the theory of types. — Dumas was 
led to believe in the direct replacement of hydrogen by 
chlorine mainly through his own experiments on trichloro- 
acetic ACID. He added small quantities of acetic acid to 
a series of fifteen to twenty 5-litre flasks, filled with chlorine, 
exposed them to sunlight, and on the next day found the 
interiors frosted over with a crystalline acid, readily soluble 
in water and deliquescent on exposure to air. The acid 
' Chlorinated ethers, C4HeCT40 from C4H10O (p. 410). 
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was very caustic to the skin and its vapour was irritating and 
suffocating even in small doses ; it was a strong acid, but 
had none of the bleaching properties of chlorine. Its 
chemical properties were almost identical with those of 
acetic acid, from which it differed only in the replacement 
of hydrogen by chlorine ; using modern formulce, 

QHA + 3CI2 = C2HCI3O2 + 3HCI. 

Dumas prepared and analysed its silver, ammonium and 
potassium salts, and its methyl and ethyl ethers, and showed 
that these were similar in type to the corresponding deriv- 
atives of acetic acid, and that the composition of each could 
be predicted from the simple theory of substitution. A 
similar fixity of type was observed in the conversion of 
aldehyde ^ into chloral 

QH4O + 3CI2 == C2HCI3O -h 3HCI, 

in Malaguti’s chlorination of ether 

QH10O + 4CI2 =QHcCl40 + 4 HCl, 
and in Regnault’s conversion of ethylene into chloroethylene 
or vinyl chloride de Chimie, 1835, 3c>i-'32o) 

C2H44CI2 ^CjH/JUHCl. 

Dumas sums up these observations as follows : 

“ Acetic acid, aldehyde, ether, olefiant gas, losing hydrogen 
and taking an equal volume of chlorine, produce substances 
belonging to the same type as themselves, chloracetic acid, 
chloraldehyde, chlorether and chlorolefiant gas/^ 

“In all these substances, chlorine, taking the place of 
hydrogen, did not change the properties of the compound at 
all, whether it was acid, base or neutral substance, for it 
remained acid, neutral substance or base, and even retained 
exactly its power of saturation ”. . . . 

“From the conversion of acetic acid into chloracetic acid, 
from that of aldehyde into chloraldehyde, from the fact that 

^ Prepared by Liebig as an oxidation-product of alcohol, QH^O 4- 
0 = 021140 + H2O, and described by him as aldehyde^ abbreviated from 
alcohol dehydrogenatus (Ann, Chim, P/iys., 1835, 69, 290). 



XVII 


MOLECULAR ARCHITECTURE 


413 


all the hydrogen of these substances is replaced by chlorine 
in equal volume, without changing their fundamental 
character, we must conclude : 

“ That ifi organic cfmnistry there exist certain types which 
persist even when in place of the hydrogen which they contain 
one introduces equal volumes of chlorine, of bro^nine or of iodine P 

“That is to say that the theory of substitutions rests upon 
facts, and on the most striking facts of organic chemistry 
( Comptes rend us, 1839, 8 , 620-622; also Ann. Chem. 
Pharm., 1839, 32 , 117-119). 

Dumas ( 1840 ) on chemical and mechanical types. — In a 

fuller memoir “ On the Law of Substitutions and the Theory 
of Types ” (Comptes rendus, 1840, 10 , 149-178 ; Ann. Clmn. 
Pharm,, 1840, 33 , 259-300), Dumas distinguished as belong- 
ing to the same chemical type ^‘substances which contain 
the same number of equivalents, united in the same way and 
showing the same fundamental chemical properties f whilst, 
following Regnault, he included under the heading of 
MECHANICAL TYiu.s “ substances having the same formula, 
produced by substitution, but essentially different m their most 
salient chemical properties^' {Comptes refidus, 1840, 10 , 158, 
162). In the latter class he included a large number of cases 
of oxidation, in whidi a neutral substance was converted 
into an acid by substituting oxygen for hydrogen, etc. In 
the same paper the system of naming substitution-products 
by means of the prefix chloro-, etc., was formally set out 
( Comptes rendus, 10 , 169). In both memoirs ( Comptes rendus, 
8, 621 ; 10 , 169) Dumas referred to the analogy between sub- 
stitution without change of type in organic chemistry and 
isomorphism in inorganic chemistry. T he two phenomena 
were equally fatal to Berzelius’s theories, since, as Liebig 
pointed out {Afin. Chem. Pharm., 1839, 31 , 1 19), the replace- 
ment of the hydrogen of acetic acid by chlorine without 
change of type was no more remarkable than the replacement 
of the manganese of the permanganates by chlorine in the 
isomorphous perchlorates. Liebig, however, regarded both 
cases as exceptions, rather than as examples of a general 
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rule {ibid, 33, 301), and had an obvious motive in append- 
ing to Dumas’s paper a still more remarkable illustration of 
the possibilities of substitution without change of type. 

Wohler (1840) on substitution without change of type. — 
The substance selected was manganous acetate, and the 
action of chlorine upon it was described as follows : 

‘‘ I passed a current of chlorine through a solution of 
manganous acetate, under the direct influence of sunlight. 
After 24 hours I found in the liquid a superb crystallisation 
of a violet-yellow salt.” This was manganous chloroacetate, 
the whole of the hydrogen of the acetic acid having been 
displaced by chlorine. 

“This salt, heated at 110“ in a current of chlorine, was 
converted with liberation of oxygen gas into a new golden- 
yellow compound.” In this compound, the oxygen of the 
base, as well as the hydrogen of the acid, had been dis- 
placed by chlorine. 

“The new substance was dissolved with the aid of heat in 
pure chloral, and this liquid, which is not attacked by chlorine, 
was used to continue the treatment by this agent. I passed 
dry chlorine into it, during 4 days, keeping the liquid 
always very near its boiling-point. During this time a white 
substance was constantly deposited, which on careful exami * 
nation was recognised as manganous chloride. I cooled the 
liquid some time after, when there was no longer any more 
precipitate and I obtained a third substance in small, green- 
ish-yellow, silky needles.” It contained no manganese, as 
this in its turn had now been displaced by chlorine. 

“ On acting again with chlorine on an aqueous solution of 
this substance, carbonic acid was set free and on cooling the 
liquid to +2° it deposited a yellow mass formed of small 
plates, closely resembling chlorine hydrate. The carbon 
had, in fact, been replaced by chlorine, which was now 
the only element present in the compound. The mangan- 
ous acetate had been converted by substitution into pure 
chlorine, which, however, had a vapour-density which indi- 
cated the presence in the molecule of not fewer than twenty- 
four atoms of chlorine, Mn0,C4Hg03, having been converted 
into Cl2Clj,Cl8ClttCIa.” 
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Such was the graphic description of one of the most 
surprising discoveries ever made in organic chemistry as set 
out in a letter to Liebig (“ On Substitution and the Theory 
of Types/’ Liebig’s Ann. Chem. Pharm.^ 1840, 38,308-310) 
signed by S. C. H. Windier. The “ s(ch)windler ” who, 
wrote this skit on Dumas’s theories was Wohler. Liebig was 
perhaps responsible for a footnote, appended to the state- 
ment, that “ in the decolorising action of chlorine there is a 
replacement of hydrogen by chlorine, and that the fabrics 
which are now bleached in England according to the laws of 
substitutions preserve their types.” The footnote runs : 

“ I have just learnt that there are already in the shops in 
London fabrics of spun chlorine, much sought after in the 
hospitals and preferred to all others for night-caps, calegons, 
etc.” {loc. cit. p. 310). 

Laurent (1837) on nuclei. — Laurent, working in Dumas’s 
laboratory on lines suggested by Dumas, assimilated most 
of Dumas’s ideas ; but, with the enterprise of youth, he 
developed them more quickly than Dumas, and was able 
therefore to claim priority on cerUin important points. 
These claims were, however, put forward in language which 
did not err on the side of moderation. “I could scarcely 
restrain my indignation on seeing certain chemists tax my 
theory at first with being absurd, then later, when they 
saw that the facts agreed better with my theory than with 
all the others, pretend that I had taken possession of 
the ideas of Dumas” {Ann. Chim. Phys., 1837, 66 , 326). 
If so, Dumas borrowed from Liebig, Liebig from the chemist 
who first showed that oxide of potassium could exchange its 
oxygen for an equivalent of chlorine, this latter from Richter 
and Wenzel, and so to Hermes and Tubal Cain. His 
dominant idea of simplicity in the combination of atoms 
would probably be attributed to Berzelius, and consequently 
to Moses ! {ibid. p. 330). 



4i6 historical INTRODUCTION TO CHEMISTRY chap. 

Dumas acknowledged that Laurent had been the first 
to suggest that chlorine not merely took the place but played 
the part of hydrogen {Ann, Chim, Fhys., 1857, 49 , 496). 
Laurent claimed further {Comptes rendus, 1840, 10 , 412) that 
he had anticipated in all but the name Dumas’s discovery of 
the permanence of types. He had recognised from the first 
that the law of substitutions was often incorrect ; when it 
liappened to be true this was simply because of the strong 
tendency of the radical attacked by the chlorine to conserve 
its type, and not to any inherent accuracy of the law. These 
stable groupings of atoms he had described in his Thesis 
(1837) as “ fundamental radicals ” before substitution, and as 
“ derived radicals ” after substitution {ll>ld. 412 and 416) ; in 
a book published after his death they are described as funda- 
MENTAF. NUCLEI and as DERIVED NUCLEI {Chemical Methods,, 
tr. Odling, 1854, p. 195). To render his theory more 
intelligible, he translated his idea into a geometrical figure : 

‘‘ Let us imagine a four-sided prism, of which the eight 
angles are occupied by eight atoms of carbon, and the 
centres of the twelve edges by twelve atoms of hydrogen. 
Let us call this prism the form or fundamental fiucleus, and 
let us represent it by 

“Let us suppose that chlorine, put in presence of this 
simple prism, removes one of the edges or hydrogen atoms ; 
the prism deprived of this edge would be destroyed, unless 
it were supplied with some other edge, whether of chlorine, 
bromine, zinc, etc. ; no matter what the nature of the edge, 
provided it succeeds in maintaining the equilibrium of the 
other edges and angles. Thus will be formed a new or 
derived nucleus similar to the preceding, and of which the 
form may be represented by C8(HjiCl) ” {Chemical Method, 
1854, 195 : compare Comptes rendus, 1840, 10 , 416, where 
a similar but more complex figure is described in an extract 
from his Thesis, 1837). 

Addition-products could be derived from the fundamental 
nucleus by adding pyramids to the ends of the prisms, to 
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represent the added atoms of hydrogen, hydrogen and 
chlorine, hydrogen and oxygen, etc. 

Gerliardt (1839) on residues. — A third aspect of the 
theory of substitutions, differing both from Dumas’s empirical 
conceptions and from Laurent’s ideas of conservation of 
type, was developed in 1839 by Charles Gerhardt 
(1816-1856), a pupil of Liebig, who left Germany to 
become Professor of Chemistry at Montpellier and after- 
wards at Strassburg. 

Berzelius had laid stress on the formation of compounds 
by direct addition, e.g. 

BaO + SOg-BaSO.. 

Dumas had been impressed by the action of chlorine in 
displacing hydrogen from organic compounds, eg, 

HCN + C 12 = C 1 CN + HC 1 . 

Gerhardt directed attention to the formation of new com- 
pounds by COUPLING, i,e, by the combination of two 
substances with the simultaneous “production of a very 
simple compound, such as water, hydrochloric acid, hydro- 
bromic acid, etc,” (A?in. Chim. Phys,, ^^39, 72, 196). 
From a series of over twenty examples of coupling, the 
following may be selected for representation by modern 
equations : 


Original 


Simple 

inorganic 

Coupled product = 

: residue of compound -f 

compound. 

Reagent. 

product. 

residue of reagent. 

Benzene. 

■+SO 3 

= H ,0 

+ (Con,o,so, 

Sulphobenzene. 

QHc 

Benzene. 

-hllNOa 

^ H.,0 

+ {QiyNO^ 

Nit 10 benzene. 

Alcohol. 

+ C,H 40 ., 

Acetic acid. 

H^O 

+ (C,H,)C 2 H, 0 ., 

Ethyl acetate. 

CoHfiO 

Alcohol. 

-f QH/L, 
Benzoic acid. 

= HoO 

+ (QLDQH.O., 

Ethyl benzoate. 

QILOCl + NIL 

Benzoyl 

chloride. 

= HCl 

d- (QHsONHa 
Benzamide. 

NH 3 +QfLOCI 

Benzoyl chloride. 

HCl 

4- (NH,)C,H,0 

Benzamide. 


E E 
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It will be seen at once that this conception is much 
broader than Dumas’s Law of Substitutions, which was 
restricted to those cases of coupling in which the reagent 
was an element, the original compound a hydride, and the 
product a chloride, etc., derived from it by substitution, e,g, 
(CrlljO)!! + Cla = HCl -f (C^HjOjCl 

Oil of bitter almonds. Uenzoyl 

Benzoyl hydride. chloiicle. 

Gerhardt (/or. cii.) expressed the contrast as follows : 

“ If the reagent is an element in the free state, the 
material removed is replaced, as Dumas has said, equivalent 
by equivalent ; if, on the other hand, it is a compound, t/ie 
elemcfit removed is replaced by the residual elements of the 
reagent f eg. 

SO2 from SOa minus O; NHa from NHg minus II ; 

NOa from HNO3 minus OH ; C7H5O from C7II5OCI minus Cl. 

Gerhardt’s conception of coupled compounds led him 
very far in the direction in which a solution of the complex 
problem of structural chemistry was ultimately found. His 
coupled compounds were obviously formed from the mutilated 
RESIDUES of two molecules.^ These residues might well be 
incapable of separate existence, and thus differed essentially 
from the radicals of Dumas and Boullay and of Wohler and 
Liebig, which were always regarded as real substances, capable 
of separate existence, as in the case of ammonia and ammonium 
amalgam. Again, the older radicals were considered to have 
a real existence in their compounds ; but Gerhardt was con- 
tent to regard his residues or radicals as expressing merely 
the possible methods of formation and decomposition of a 
compound ; he was therefore prepared to write barium 
sulphate as BaS04 BaO-j-SOg, or Ba02+S02<?^ BaS+O^, 
according as he wished to interpret one of its chemical 
changes or another (Treatise on Chemistry.^ 1S56, IV. 561). 

^ When the coupling of the residues leads to the formation of a 
direct link between carbon and carbon, the process is described as 
CONDENSATION, This term was used (but not for the first time) by 
Baeyer in 1866 {Ann., l866, 140 , 297). 



XVII 


MOI.ECULAR ARCHITECTURE 


419 


Gerhardt (1843) halves the formul® of organic com- 
pounds. — Further important developments were made in 
Gerhardt’s “Investigations on the Chemical Classification of 
Organic Compounds {Jotirn. prakt, Chem.^ 1842, 27, 439'" 
464; 1843, 28, 34-53, 65-100, 30, i-io). His theory of 
copulation had compelled him to bring together into one 
equation both complex organic products and simple in- 
organic substances. He therefore soon discovered '‘'‘that 
the formulce of most organic substances are too great by half 
in comparison with the formulcB of inorganic chemistry 
{fourn prafd. Chem*^ 1843, 30, 8). In inorganic chemistry, 
(following Berzelius), water, ammonia and hydrogen chloride 
were written as HgO, NH3, and HCl ; but as products of 
the copulation of organic compounds they always appeared 
as H^Og, NgH^., and H2C12- Gerhardt was therefore led to 
fall back again upon Avogadro s hypothesis as a valid guide 
to the molecular formulae of organic compounds, and re- 
wrote them as follows : 

New formula. Old formulae. 

Acetic acid C2H4O.2 

Silver acetate . C2(H:,Ag)02 etc. 

Chloracctic acid . €2(1103)02 

Silver chloracetate 02(AgCl3)02 

I'hese formiilie were only rendered possible by the fact that 
Gerhardt had abandoned the older form of the theory of 
radicals, according to which silver acetate was a binary 
compound of silver oxide and “anhydrous acetic acid” 
(acetic anhydride), whilst “ hydrated acetic acid ” (acetic 
acid) was a binary compound of water with the anhydrous 
acid, thus (in modern formulae) 

Silver acetate = C4H603,Ag20 = Ag2C4H304. 

Acetic acid = C4H(,03,H20 = C4H8O4. 

To the student of this bewildering period of chemical 
history nothing is more refreshing than to find once more 
in Gerhardt’s papers the simple formulae, based upon 

E E 2 
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Avogadro’s hypothesis, which had been abandoned even by 
Dumas and were only established finally when Deville’s 
experiments on dissociation (Chapter XX) had cleared the 
ground for Cannizzaro's epoch-making exposition. 

Gerhardt (1856) distinguishes the hydrogen and chlorine 
radicals from hydrogen and chlorine gas.~It is typical of 
the difficulties that had been introduced into chemistry by 
Berzelius's dualistic theories that Gerhardt appeared to be 
breaking new ground when he wrote the formula of hydrogen 
gas as Ii2 and the formula of chlorine as Clg. Berzelius 
would not recognise that hydrogen could combine with 
hydrogen or chlorine with chlorine, since there could 
be no electrical polarity to produce an attraction between 
similar atoms. He therefore discarded Avogadro's hypo- 
thesis as applied to elements, even when he was prepared 
to apply it to compounds. Dumas, on the other hand, 
fell into eiror when he attempted to apply Avogadro's 
hypothesis to the elements on the assumption that all 
elementary molecules were diatomic, whence Hg=ioo, 
P = 62 instead of Hg — 200, P = 31. Gerhardt, however, saw 
that a distinction must be drawn between the hydrogen 
radical and hydrogen gas, between the chlorine radical and 
chlorine gas. Thus he writes : 

‘‘ In opposition to most chemists, / regard the expression 
radical in the sense of a relationships and not in that of a body 
that may be or has been isolated. I distinguish, therefore, 
the hydrogen radical from hydrogen gas, the chlorine radical 
from free chlorine ; or better, if free hydrogen or chlorine 
is to be represented by rational formulae, a study of their 
reactions shows that hydrogen gas must be represented by 
the two radicals HH, and chlorine gas by the two 
radicals ClCl. . In the usual nomenclature, hydrogen gas 
would then be the hydride of hydrogen, and chlorine gas 
would be the chloride of chlorine ; that is to say that 
chlorine gas and hydrogen gas may be formed by, or may 
give rise to, double decompositions precisely similar to those 
which have caused oil of bitter almonds to be described as 
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benzoyl hydride, and the chlorinated oil as benzoyl chloride 
{Treatise^ 1856, IV. 568). 

I'he formation of hydrogen chloride from its elements was, 
therefore, not a mere combination of an electro-positive 
with an electro-negative element to form a compound of the 
first order, 

H + C 1 = HC 1 

but rather a double decomposition, similar to those which 
had been studied by Dumas in developing the theory of 
substitution 

H2 +CI2-2HCI 

compare HCN + Clg == HCl + CICN 

As Laurent expressed it in 1846 {Ann, Ciiim. Phys.y 
1846, 18 , 295) 

“ The molecule of hydrogen, of chlorine .... is formed 
of two atoms which constitute a homogeneous compoundy 
(HH), (ClCl), (MM), etc. These homogeneous compounds, 
placed in presence of one another, may give rise to a double 
decomposition or to a substitution, and thus form a hetero- 
geneous compound ; 

(HH) + (CICI) = (HCI) + (C 1 H) 

(MM) + (Cia) - (MCl)-f (CIM)/’ 

F. Simple Inorganic Types. 

Inorganic types. — One of the most far-reaching conse- 
quences of Gerhardt’s theory of coupling was his recognition 
of the essential equality of the two residues which are united 
together in a coupled compound. This is shown by the 
fact that he classified benzamide as a product of the action, 
on one hand, of the reagent ammonia on the substance 
benzoyl chloride, and on the other of the reagent benzoyl 
chloride on tiie substance ammonia 

QHgO-Cl + H-NHg = CIH + QHgO-NHa. 

Benzoyl chloride. Ammonia. Benzamide. 
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The way was thus opened up for a development of the 
theory of types, which soon culminated in the modern 
theory of valency. 

Dumas’s “ types,” like Laurent’s “ nuclei,” were complex 
organic structures, in which hydrogen could be displaced 
by chlorine, or by a small group of atoms (such as the nitro- 
group, NOg), without causing the structure to collapse. To 
Gerhardt mainly belongs the credit of introducing a series 
of simple inorganic types, from which complex organic 
compounds could be derived by substituting organic radicals 
(ethyl, benzoyl, etc.) for the hydrogen atoms of the simple 
type substance. 

The ammonia-type (Hofmann, 1850 ). - Of these simple 
types, the ammonia type was the first to be recognised 
clearly. Wurtz in 1849 (Ann. Chem. Fharm.^ 1849, 71 , 
331) discovered the simple bases, methylamine, CHg-NHg, 
and ethylamine, These two volatile organic 

bases showed a remarkable resemblance to ammonia, from 
which they could be derived by replacing a hydrogen atom 
by methyl or ethyl. Hofmann, in the following year, showed 
that all the hydrogen atoms of ammonia could be displaced 
by alkyl radicals : — 

“ I have indeed found, that aniline and the bases whicli 
are analogous to it, under the influence of methyl, ethyl, or 
amyl bromide, lose one or two equivalents of hydrogen, which 
is replaced by the corresponding alcohol-radical. Under the 
same conditions ammonia loses one^ two^ or three equivalents 
of hydrogen, which are likewise replaced by a corresponding 
number of equivalents of the radical ” (Preliminary note in 
Ann. Chem. Fharm., 1850, 73 , 91. Published in full Fhil. 
Trans., 1850, 93-131 ; 1851, 357-398). 

Using modern formulae and writing 
QHj =Et= Ethyl 
CjHj, = Ay = Amyl 
C9H5 =Ph = Phenyl 
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the substances tabulated by Hofmann are 

1. Amide-bases (primary amines) 

N Aniline or phcnylamine 

2. Imi de-bases (secondary amines) 


H 

H 

Pli 


H 

H 

Et 


N Ethylamine 


H 

Et 

Ph 


Et 

Et 

Ph 


H \ H] 

N Ethyl phenylaniine Ay rN Amyl- Et >N Diethylamine 
l*h J phcnylamine Et J 

(Ethylanillne) (AmylanUine) 

. Nitrile-bases (tertiary amines) 

Et ) Et) 

N Diethylphenylamine Ay > N Ethylamyl- Et y N Triethylaniine 
Ph J phenylamine Et j 

(Diethylaniline) (JCtnylamylaniline) 


The classification into primary, secondary, and TB:RTiARy 
AMINES was introduced in 1856 by Gerhard t, who suggested 
that 


“ One might call the nitrogen-compounds primary^ second- 
ary, and tertiary, according as they represent the ammonia- 
type with substitution of one, of two, or of three atoms of 
hydrogen” {Treatise, 1856, IV. 592). 


Williamson (1852) on etherification. - As recently as 
1852 it was still uncertain whether or not alcohol '‘^contains 
ether and water,” i.e. whether the formation of ether from 
alcohol should be represented by the equation 

QH,oO,Hp-^C,H,oO-fHA 
or, as Dumas had represented it twenty-four years before, by 
the equation 

2C2Hp = QHjoO-fH20. 

Williamson (“Theory of Etherification, Chem. Soc>, 
1852, 4, 106-112, 229-239) tested this point by acting on 
alcohol with potassium, forming potassium cthoxide and 
hydrogen, 

CgHp -p K - CgHpK -f 

Potassium ethoxide. 
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and then with ethyl iodide, when ordinary ether (boiling at 
37“ C.) was formed 

C,H,OK + IQH 5 = KI + (C,H5),0. 

Ether was tlius proved to be a coupled compound con- 
taining two ethyl groups, CgH^, and not merely the oxide 
of a single radical, This view was confirmed by acting 

on potassium ethoxide with methyl iodide, CH^I, when 

ethyl methyl ethe>\ was produced and with amyl 

C H 1 

iodide, Cr,H^J, when ethyl amyl ether ^ 

duced ; methyl amyl ether ^ |o, was also prepared 

by the action of amyl iodide, CnH. J, on potassium meth- 
oxide, CH3OK. 

Williamson concluded that : 


Alcohol is therefore water in w'hich half the hydrogen is 
replaced by carburettcd hydrogen,’^ and ether is water in 
which both* atoms of hydrogen are re[)laced by carburetted 
hydrogen, thus : 


H 

H 


O 


C,H- 

H 


O 


C2H, 


O. 


“ From the perfect analogy of properties between the 
known terms of the alcoholic series, it was to be expected 
that similar substitutions might be expected in the others ; 
and this expectation has been verified by experiment . . . . 
Methylic alcohol is, therefore, expressed by the formula 

as common alcohol is O; and in the same 

C H 

manner amylic alcohol is same of the 

higher ones.” (loc. cit. pp. 107 and 108). 


Williamson (1852) on the water-tsrpe. — In a paper “ On 
the Constitution of Salts” {Journ. Ckem, Soc.^ 1852, 4, 
^ i.e. by the hydrocarbon-radical, C2H5. 
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350-355) published later in the same year, Williamson 
suggested that : 

“ Formulae may be used ... as an actual image of what 
we rationally suppose the arrangement of constituent 
atoms in a compound, as an orrery is an image of what we 
conclude to be the arrangement of our planetary system ; 
and decompositions may be actually effected between them 
by the exchange of a molecule of one group for a molecule 
in another. 

“ The adoption of such a method will of course neces- 
sitate the adoption of types, from which, by the replacement 
of certain elements or molecules, we can deduce the con- 
stitution of more and more complex groups. I believe that 
throughout inorganic chemistry, and for the best known 
organic compounds, one single type will be found sufficient ; 
it is that of water, represented as containing 2 atoms of 

hydrogen to i of oxygen, thus ^O. In many cases a multi- 

])le of this formula must be used, and we shall presently see 
how we get thereby an explanation of the difference between 
monobasic and bibasic acids, etc.’’ {loc, cit.^ pp. 351-352). 

Gerhardt ( 1856 ) suggests four inorganic types.— In the 

fourth volume of his Treatise^ published in 1856, Gerhardt 
accepted Williamson’s “ water - type as of dominant 
importance in chemistry, but suggested that the number 
of types should be increased to four, namely, water, 

HYDROCHLORIC ACID, AMMONIA, and HYDROGEN. Unlike 

Williamson, however, he preferred to regard these types as 
expressing the double decompositions which a compound 
might undergo, rather than the actual arrangement of the 
atoms in the molecule. 

Gerhardt expressed his views as follows : — 

“My types are types of double decomposition. Water, in a 
large number of double decompositions, may exchange its 
oxygen and its hydrogen for other elements (simple radicals) 
or for groups of elements (compound radicals). But I refer 
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substances to the type water, when one can effect similar 
changes in them, and when the products are related in the 
same way as those which result from the substitution of 
other radicals for one of the radicals of water. For example, 
I derive ether from the type water, because one can, by 
double decomposition, replace the oxygen of ether by its 
equivalent of chlorine, of bromine, of sulphur or of nitrogen, 
to produce ethyl chloride, ethyl bromide, ethyl sulphide or 
ethyl nitride (ethylamine) and because the products arc 
related in the same way as the hydrogen chloride, hydrogen 
bromide, hydrogen sulphide and hydrogen nitride (ammonia), 
which result from the substitution of the radicals chlorine, 
bromine, sulphur and nitrogen, for the radical oxygen of 
water (Treatise^ 1856, IV. 586). 

“ To facilitate the classification of substances according 
to their functions, one may, instead of taking water alone as 
a formula-type, join to it, as derived types, compounds 
which result from the displacement of the radical oxygen 
from water, such as hydrogen chloride, hydrogen nitride, 
etc. . . . The study of organic compounds, as will be seen 
later, proves that the four types water, hydrochloric acid, 
ammonia, hydrogen, suffice for a methodical classification. 
These four formula-types may be noted as follows : 

Water OH, ] 

Hydrochloric acid CIH equal volumes. 
Ammonia NH3 

Hydrogen HH 

“ The water type includes the oxides (bases, acids, salts, 
alcohols, etc.), the sulphides, the selenides and the 
tellurides. 

“ The hydrochloric acid type includes the chlorides, the 
bromides, the iodides and the cyanides. 

“ The ammonia type includes the nitrides and the 
phosphides. 

“ The hydrogen type includes the rhetallic hydrides and 
the metals ” (ibid. pp. 588-589). 

The following examples (with others) are given by 
Gerhardt as illustrations of his theory of types : — 
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Type. 


Water 


Hydrogen 

chloride 


Ammonia 


Hydrogen 


(S 

N{ H 
UI 

\H 


Benzoyl derivatives, 
jzoic 
acid 


Benzoic q | ^HgO 


Benzoyl / C7H5O 
chloride \ Cl 

amide 


Benzoyl j C7H6O 
hydride I H 
kOilof bitter almonds) 


Ethyl derivatives. 

Ether 0 {§H‘ 


Ethyl 

chloride 


Ethyl- 

amine 


Diethyl- 

amine 


/C2H6 

\Cl 

fCaHfi 

N-^ H 

Ih 


Trielhyl- 

amine, 




C2H5 

C2H5 

C2H8 


fc, 

N^C2 

Ih 


C.2Hb 

C2H5 


®t"dride 

(Ethane) (Butane) 


Williamson (1852 to 1855) and Odling (1855)on multiple 
types. — Gerhardt’s types indicated one stage, but only one 
stage, in the construction of the molecule of a compound. 

C IT 1 

Ether, for instance, when written as was shown to 

be composed of two ethyl-groups, C2H5, held together by 
an oxygen atom ; but no indication was given as to how 
the atoms of carbon and hydrogen were held together in 
the ethyl radical. Until the position of every atom in the 
scheme of combination could be shown, the structure of 
the compound was still only partly known. 

The first stage in the subdivision of the compound into 
smaller units came through the introduction of “multiple 
types ” and of “ mixed types,” i.e. of structural formulae 
showing not one bracket only, as in Gerhardt’s simple types, 
but two or three brackets, linking together different portions 
of the molecule. 

Multiple types (as Kekule called them, Ann. Chem. 
Pharm.y 104, 133) arose primarily from the study of 
dibasic and of tribasic acids (Williamson, C/ient. Soc., 

1852, 4, 352 ; already quoted on p. 425). Nitric acid, 
HNOg, and potassium nitrate, KNOg, could be derived very 
easily from the simple water type, by writing them as 
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But sulphuric acid, H2SO4, potassium hydrogen sulphate 
(potassium bisulphate, KHSO4), potassium sulphate, 
K2SO4, could not be represented adequately in this way. 
Williamson, therefore, who had begun by writing sulphuric 
acid and ethyl hydrogen sulphate (in his two papers ‘‘ On 
Etherification,’’ 1852) as: 

h]^ 04 and 


was soon led to regard all the sulphates as derived from 
two molecules of water and to write their formuke (in his 
paper ‘‘ On the Constitution of Salts,” Journ. Chem, Soc,^ 
1852, 4, .353) as ; 



O, 



compare 



The significance of these formulae is shown clearly in a reply 
to certain criticisms of Kolbe {Journ. Chem. Soc.^ 1855, 7 , 
III), in which William.son derives the formula of sulphuric 
acid from that of water by allowing a molecule of sulphur 
dioxide to “ replace two atoms of hydrogen in two of water,” 
thus 



(^Journ. Chem, Soc., 1855, 7 , 137). In the last formula, the 
molecule of sulphuric acid is subdivided into five portions, 
namely, four single atoms and one small radical, SO2, the 
structure of which has been expressed in subsequent years 
by several different formulae. 

Williamson’s multiple types were developed by Odling 
(“ On the Constitution of Acids and Ssi]tSy'\/ourn. Chem. Soc., 

* In the original papers Williamson writes all his formulae without 
brackets, whilst Odling writes 2O instead of in the formulae of 
multiple types ; for the sake of convenience, one method of representa- 
tion only is used in this paragraph. 
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i^SSj 7 , 1-22), who showed that complex products might 
result from the displacement of several atoms of hydrogen 
by an acid or basic radical. Thus three molecules of water 
are required to produce phosphoric acid and bismuth 
hydroxide, 




PO\ 

HJ 


O, 



or the salts, such as potassium hydrogen phosphate, and 
bismuth nitrate, which are derived from them, 


^3 \ Q 


PO 

KjH 


)o. 




Kekule ( 1857 ) on mixed types. — Very similar to the 
multiple types of Williamson and Odling are the mixed 
lYPES of Odling and Kekule. 

Odling (like Williamson) had derived sodium sulphate, 
Na2S04, from two molecules of water, but found it 
necessary to derive sodium hyposulphite, NagSgOg (ordinary 
“ hypo,’^ now called sodium thiosulphate), from a molecule 
of water and a molecule of sulphuretted hydrogen {Journ. 
Chetn. Soc.^ 1855, 7 , 8), thus 




gives 


SOg 

Na, 


but 


H. 

h; 


jOg (sodium sulphate) 

|o + S gives + S (sodium thiosulphate). 

428) these 


If written out in full (compare Williamson, p. 
formulae would appear thus : 

H 
H 
H 


}o 

Nal 

[0 

HI 

HJ 

HI 

HJ 


Na 1 

gives 


1 

1 

} 

i 

gives SOgv 


Na J 


[S 

Na j 


O 


These mixed types differ from the multiple types only 
in that the types which are linked together are different 
instead of being identical. Kekul6, who gave them their 
name (Ann, Chem, Pharm,^ 1857, 104 , 133), made use very 
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largely of mixed types to represent the structure of com- 
pounds, e.g. (loc. cit. 135, 136, 137) 


HI 

H/ 

" I 

H/ 
Cl\ 
H / 

” I 

H/ 

ill 

ID 




H 


gave 

SO2 

0 


H 



Cl 


gave 

SO2 

0 


H 



11 

N 


H 


gave 

CO 

0 


II 


> 

} 


{Sulphurous acid ^ H2SO8) 


{Chlorosulphonic acid, CISO3II, pre- 
pared by combining SOs-f- IlCl) 


{Carbatnic acid, the parent substance 
of ammonium carbamate, 
aNHa + COa NHg-CO’O-NH^) 


Gerhardt ( 1856 ) on conjugated radicals.— A parallel 
method of subdividing the molecules of organic compounds 
was devised by Gerhardt, who found that the process of 
“ coupling could be applied, not only to complete mole- 
cules, but also to the radicals of which those molecules 
are composed. In his Treatise (IV. 1852, 604-610) he 
makes use of conjugated ^ radicals to represent simul- 
taneously ‘‘two or several systems of double decomposition 
of the same body.’^ This method of representation was 
applied with great success to the fatty acids. Most of 
their double decompositions (formation of salts, chlorides, 
amides, esters, etc.) could be expressed by formulae of the 
water-type, thus : 

Formic acid, O | Propionic acid, O | 

Acetic acid, Butyric acid, 

But “ the acid radicals of the formula CnHgn.iO may be 
viewed as composed of the carbonyl radical CO and an 
alcohol radical CnHgn+i : 

CO(H) formyl C0(CaH5) propionyl 

COtCIIg) acetyl €0(03117) butyryl.” 

^ The term conjugation is now used in a totally difi'ercnt sense 
(see Thiele, Ann,^ 1899, 306 , 87). 
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“These formula are justified by the reactions. We know, 
for example, that acetyl-compounds are resolved, in many 
cases, into carbonic compounds and methyl compounds : 
acetic acid can be transformed by heat into carbonic acid and 
hydride of methyl (marsh gas) ; potassium acetate gives, by 
the action of an electric battery, methyl ^ and carbonate of 
potash etc.’' {Treatise^ IV. 1856, 606). 

Thus in order to express the decompositions represented by 
the equations 

C2ll402 = CM4 -f CO2 (decomposition by heat) 

2C2H402= (CH3).2 + 2CO.2 + IIo (decomposition by electrolysis). 

it was necessary to write acetic acid, not merely as 

where the acetyi. group, C2H3O, is shown as a conjugated 
radical, composed of carbonyl, CO and methyl, CH^. 

Other decompositions suggested that the acetyl group 
should be represented as C.2H3(0), i-e. as a compound of 
a hydrocarbon radical C2Hg with oxygen. In the same way, 
“ even the alcohol-radicals may be considered as conjugated 
radicals, of which the constituent radicals are the aldehyde 
radical*'^ and hydrogen.” Thus whilst acetyl 
ethyl 

The theory of conjugated radicals was also applied 
effectively to represent nitration-products, obtained by the 
action of nitric acid on organic compounds such as benzoic 
acid {ibid, p. 664) ; thus 

Benzoic acid = O 

Nitrobenzoic acid = O 

^ The decompexsition of the potassium salt is shown by the equation 
2C2H3O.JK + 2H2O = (CHs)2 + 2KHCO3 4 - H2. The product, which 
Gerhardt called methyl^ CHj, is really dimethyl or ethane^ (CHgjj or 

QHe- 

^ i.e. C2H3, aldehyde being (QHglHO. This radical (acetyl 
minus oxygen) was described by Liebig (see p. 405) as “ acetyl.’’ 
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The round brackets which Gerhardt used in formulating 
his conjugated radicals have been retained to the present 
day as an integral part of the symbolism of structural 
chemistry. The curly brackets of the theory of types, on the 
other hand, have long since disappeared. 

G. Valency, 

Unequal combining-power of the elements indicated in 
Gerhardt’s simple inorganic types. —The theory of types 
as developed by Gerhardt carried with it the idea that : 

(i) In compounds of the hydrogen type, a hydrogen- 
atom could be linked to o?ie radical, but only to one radical, 
giving compounds such as 


CHsl 

QH4 


C7H5O1 

H / 

H / 

h; 

H/ 

Methyl hydride 
(marsh gas or 
methane). 

Ethyl hydride 
(ethane). 

Acetyl hydride 
(aldehyde). 

Uenzoyl hydride 
(oil of bitter almonds 
or ben/aldehyde). 

(2) In compounds of the hydrochloric acid type, a 
chlorine-atom could be linked to radical, but only to one 

radical, giving compounds such as 


CH4 


Q H30\ 


cil 

Cli 

Cl/ 

Cl| 

Methyl chloride. 

Ethyl chloride. 

Acetyl chloride. 

Benzoyl chloride. 

(3). In compounds of 

the water type, however, two 

radicals could be linked simultaneously to 

an oxygen- atom 

as in 




CH3I0 

C^H4 

c,h4^ 


CvH,0)q 

Methyl oxide 
(Methyl ether). 

Ethyl oxide 
(Ethyl ether). 

Acetyl oxide 1 
(Acetic anhydride). 

Benzoyl oxide ^ 
(Benzoic anhydride). 


^ As a consequence of Berzelius's dualistic conceptions of molecular 
structure these acid -anhydrides had been regarded for many years as 
the real acids, of which ordinary acetic acid, benzoic acid, etc., were 
hydrates. They were, however, purely hypothetical compounds, until 
Gerhardt in 1853 {Ann. Chem. Pharm.j 1853, 87 , 57-04, 149-179) 
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(4) In compounds of the ammonia type, three radicals 
could be linked together, as in 


CH,] 

CH.l 

CHg] 

CH, N 

CHg[p 

CHg^N 

chJ 

CHg) 

c«hJ 

Trimethylamine. 

T rimethylphosphine. 

Dimethylaniline 


Hofmann had also represented the compounds of the 
amines and phosphines with HI and with CHJ by formulae 
which showed five radicals associated with an atom of 
nitrogen or of phosphorus [Phil. Trans. ^ 1850, 357-398). 


CH, 

CH3 

CHg 

CH3 


•NI 


Tetramethylammonium iodide 
from N(CH3)3+CH3l. 


H^ 

H 

H 

H 


PI 


Phosphonium iodide 
from PH34 HI. 


Kekule (1857) on substitution-value or atomicity. — 

These considerations, arising from the study of Gerhardt’s 
simple types, were expressed very clearly by Kekule, who 
proposed in 1857 to describe the elements according to 
their “ substitution-value or combining power as mon- 
atomic, DIATOMIC, and triatomic. In the first of his two 
papers, “On Copulated Compounds and the Theories of 
Polyatomic Radicals,” he writes : 


“ The molecules of chemical compounds consist of aggre- 
gations of atoms.” 

“ The number of the atoms of other elements (or radicals) 
combined with one atom (of an element. ... or of a radical) 
is dependent on the basicity or substitution-value of the 
constituents.” 

“From this point of view the elements fall into three 
principal groups : 

prepared them by the same method that Williamson had used for the 
synthesis of the ethers, e.g. 

QH.O-Cl + QHgO-OK = KCl + 

CjHsOCl + CaHsO-OK = KCl + (CaHaOjaO. 

F F 
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‘‘(i) Monobasic or monatomic, I, e.g. H, Cl, Br, K ; 
“ (2) Dibasic or diatomic, II, e.g. O, S ; 

‘‘(3) Tribasic or triatomic, III, eg. N, P, As.” 

{Ann. Chem. Fharm. 1857, 104, 132-133). 


A study of the ^nultiple types and mixed types showed that 
similar considerations could be applied to the radicals, 
thus : 


“ A monatomic radical can never hold together two mole- 
cules of the types. 

“ A diatomic radical can unite two molecules of the types 


eg. 




Sulphuryl chloride. 



Sulphuric acid. 


CO"\N, 

hJo/ 

Carbamide (urea). 


“ A triatomic radical similarly unites three molecules of 
the types, e.g^ 

PO" \q Iq nt Q 

Phosphoric acid. Glycerine. Trichlorhydrin. 


This “substitution-value” or combining power of ele- 
ments and radicals is now described as valency, elements 
and radicals being described as univalent, bivalent, ter- 
VALENT, and quadrivalent (Lothar Meyer, Moderne 
Thhrieft, 1864, 76), according as they combine with one, 
two, three or four other univalent elements or radicals. 

Williamson (1851),. Frankland (1852), and Odling 
(1855) on combining power or valency. — The concep- 
tions thus clearly set out by Kekule were by no means 
wholly new, Williamson in 1851 had represented the 
conversion of “hydrate of potash” (potassium hydroxide) 
into potassium carbonate by a scheme 


H.o 
H., « 




K, 

(CO) 


to. 
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which represented carbonic oxide as displacing two atoms 
of hydrogen in a double-water-type ; in doing this he sug- 
gested that 

‘‘ One atom ^ of carbonic oxide is here equivalent to two 
atoms of hydrogen, and by replacing them, holds together 
the two atoms ^ of hydrate in which they are contained, thus 

necessarily forming a bibasic compound, carbonate 

1S.2 

of potash” {/ourn, Chem. Soc., 1852, 4 , 353; reprinted 
from the Chemical Gazetie^ 1851)- 

Carbonic oxide was therefore, in Kekul^’s phraseology, a 
dibasic or diatomic radical. 

Frankland, in the following year, in the memorable 
paper in which he described a “New Series of Organic 
Bodies containing Metals” {PkiL Trans.^ 1852,417-444), 
had put forward the conception of a definite combining 
POWER for each element : 

“ When the formulae of inorganic chemical compounds 
are considered, even a superficial observer is struck with 
the general symmetry of their construction ; the compounds 
of nitrogen, phosphorus, antimony and arsenic especially 
exhibit the tendency of these elements to form compounds 
containing 3 or 5 equivalents, of other elements, and it is 
in these proportions that their affinities' are best satisfied ; 
thus in the ternal group we have NOg,^ NHg, Nig, NSg,^ 
POa,^ PHg, PClg, SbOg,^ SbHg, SbClg, As03,2 AsHg, AsClg, 
etc. ; and in the five-atom group NH^O,^ NH^I, 

POg,^ PH4I, etc. Without offering any hypothesis regarding 
the cause of this symmetrical grocjping of atoms, it is 
sufficiently evident, from the examples just given, that such 
a tendency or law prevails, and that, no matter what the 
character of the uniting atoms may be, the combining 
power of the attracting element, if I may be allowed the 
term, is always satisfied by the same number of these atoms 
{ioc. cit. p. 440). 

^ i. 6 * molecule, molecules. 

® ue, N2O3, N2S3, P2O3, Sb.Og, AsjOg, NjOg, (NH^ip, PgOg, etc,, 
using modern atomic weights in place of Gmelin’s equivalents. 

F F 2 
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Odling in 1855 (Journ, Ckem, Soc., 1855, 7 , 3) had pre- 
sented the same idea in a graphical form : ^ 


‘‘ For the clear elucidation of the succeeding formulae, I 
adopt in them, a simple plan of marking these different 
substitution values, viz., by one or more dashes to the right 
or left of the symbol, something after the fashion frequently 
made use of in algebraical formulae : thus, 

H', an atom of hydrogen, .... 

Bi'", an atom of bismuth, .... 

having a value represented by three atoms of hydrogen, 
etc."' 

HI 

Water was thus represented as O", and alum as 


2SO2 

K'Al^ 


] 40 ", 




K'O" 

[O" 

Al'q o" 

io" 


}so," 

^ » 

}so," 


if the atomic weight of aluminium be doubled, to conform 
wifh modern usage. 

Frankland and Odling were, however, greatly hampered 
by their adherence to an old system of equivalents, from 
which even Kekuld himself did not wholly escape until 
1867. The result was that Odling wrote tin and iron as 

Sn (stannous) (stannic) instead of Sn" and Sn"" 

Fe' (ferrous) Fe/" (ferric) instead of Fe" and Fe'"' 

He thus regarded two atoms of aluminium and two atoms 
of ferric iron as tervaient, as indicated by the symbols Alj'", 
Fe2'"- In the same war, Kolbe and Frankland, in a paper 
in which they foreshadowed the quadrivalency of carbon 
{Ann, Chem, Pharm , 101,257-265) were only able to 

discuss the combining-po\\er of a double atom Cg of atomic 
weight 2x6 (see Japp's “ I ekule Memorial Lecture, ''Trans, 
Chem, Soc.^ 1898, 73 , 97-1^8 ; p. 130), Their conceptions 
of valency or combining-pover could not therefore be put 
forward in the same convinCng way as in Kekul(f's papers, 
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where Gerhardt’s newer atomic weights were employed. In 
particular, it must be noticed that if Alg is tervalent, A 1 
must be at least quadrivalent, to provide for the linking 
together of the two aluminium atoms ; so also, if Cg is 
c|uadrivalent, the single carbon atoms must be at least 
quinquevalent, etc. 

Kekule on the marsh gas type ” (1857) and the 
quadrivalency of carbon (1858). — The problem of molecular 
structure was almost solved when Gerhardt’s types (simple, 
multiple and mixed) had developed into the conception of 
valency. It was then seen clearly that oxygen and sulphur 
might link together f2V0 radicals, whilst nitrogen and 
phosphorus might unite f^ree radicals. But the inner 
structure of the radicals themselves remained obscure, until 
Kekule detected the secret of their construction in the 
quadrivalency of carbon ; the radicals, in fact, were held 
together by their carbon atoms, which possessed the 
remarkable power of uniting four other atoms or radicals. 

In 1857 he had referred some ten different compounds of 
carbon to the marsh gas type i^Ann. Chem. Pharm,^ 

101 , 204), thus deriving them from a hydrocarbon containing 
four atoms of hydrogen^ displaceable by other radicals. 
In the following year, having accepted the atomic weights of 
Gerhardt and of Cannizzaro, he was in a position to discuss 
the combining-power of the single carbon atom in a marsh 
gas of the formula, CH^, as follows : 

“ If one considers the simplest compounds of carbon 
(marsh gas, methyl chloride, carbon chloride, chloroform, 
carbonic acid, phosgene gas, carbon sulphide, prussic acid, 
etc.) it appears that the quantity of carbon, which chemists 
have recognised as the smallest possible, as the aiom^ always 
binds four atoms of a monatomic, or two atoms of a diatomic 
element ; that in general the sum of the chemical units of the 
elements combined with an atom is equal to four. This 

^ Kekule still wrote the formula of marsh gas as CjH 4 , taking the 
atomic weight of carbon as 6. 
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leads to the view, that carbon is tetratomic (or tetrabasic) ” 
{Ann. Chem. Fharm..^ 1858, 106 , 153). 

If one introduces carbon as a tetratomic radical into the 
types, one obtains for several of its known compounds 
relatively simple formulae {ibid, footnote). 

The QUADRiVALENCY of the single carbon atom was shown 
in the following compounds in which it is combined with 

(a) Four (b) One bivalent (c) Two (d) One tervalent 

univalent and two bivalent and one univalent 

radicals. univalent radicals. radicals. radical. 

CII4 COCla CO.^ CNH 

CCI4 CS2 

CH3CI 

CHCI3 

When two carbon atoms were united, the valency of the 
double carbon atom, C2, was not 2x4 = 8, but 6, since two 
units of combining-power were used in holding the two 
carbons together, as in : 

I^thane . . C^Hg Acetonitrile . C2H3N''' 

Ethyl chloride . C^HgCl Cyanogen . CyNg"' 

Ethylene chloride C2H4CI2 Aldehyde . C2H4O" 

Carbon trichloride C2CI6 Acetyl chloride C2H3CIO", etc. 

p. 154). In reference to such a group of compounds 
Kekule suggests that 

‘‘ If one compares together compounds, which contain the 
same number of carbon atoms in the molecule and can be 
converted into one another by simple metamorphoses 
{e.g. alcohol, ethyl chloride, aldehyde, acetic acid, glycollic 
acid, oxalic acid, etc.) one comes to the conclusion, that 
they contain the carbon atoms arranged in the same way, 
and that only the atoms attached to the carbon-skeleton 
change {ibid., 155-156). 

Structural formulae of organic compounds. Graphic 
formulae. — Kekule's recognition of the quadrivalency of 
carbon, and of the carbon-skeleton as the nucleus of all 
organic compounds, provided a complete solution of the 
problem of molecular structure. In order to show the 
structure of any compound it was only necessary to indicate 
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the arrangement of the multivalent atoms forming the 
skeleton, and the method of attachment of the other atoms 
to this skeleton. 

We also owe to Kekul^ a revival of the graphic 
FORMUL/E, which Dalton had used to indicate the number 
and the nature of the atoms (p. 295), but which Kekuld 
proposed to use in order to show also the way in which the 
atoms were linked together. The univalent atoms were 
represented by circles, the bivalent atoms by a dumb-bell 
figure occupying the width of two circles, and so on. In 
all the simpler compounds, the atoms were arranged in two 
equal horizontal rows, and every point of contact between 
the two rows indicated a linkage between two atoms. A 
number of Kekule’s graphic formulae {Lehrbuch^ 1861, I. 
160, 162, 164, footnotes) are showm below, together with 


Simple Inorganic 
Compounds. 


Kekul^’s 

graphic 

formulae. 


Modern Modern 

structural graphic 

formulae. formulae. 


Hydrogen chloride 


HCl H-Cl 


Water 



HOH H-O-H 


Ammonia 



NH3 


H-N 




Oxygen 

Sulphuryl radical * 
Sulphuryl chloride ^ 
Sulphuric acid ^ 
Nitric acid ^ . 



02 

0=0 

S 02 

-O-S-0- 



CIS 02 C 1 

Cl-O-S-O-Cl 


- 

HOS 020 H 

H-0-0-S-0-< 


0 ,^ .OH 

ONO'OH 

0 = N-0-0H 

r NOa-OH 

or ^^N-OH 


^ In these cases the formulae given by KekuM differ from those which 
were afterwards adopted, and which are shown as the second of two 
alternative formulae. Kekul^ r^arded sulphur as bivalent in all its 
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Derivatives of 
Marsh Gas. 


Kckuld’s 

Rraphic 

formulae. 


Modern 

structural 

formulae. 


Modern 

graphic 

formulae. 


Marsh gas 






CH4 


H" 'H 


Methyl chloride 



CHs-Cl 


H 

H* 


c: 


H 

a 


Carbonyl cliloride 


ClCO-Cl 


o=c 


.Cl 

'Cl 


Carbonic anhydride 



CO2 o=c=o 


Prussic acid . 

Derivatives of 
Ethane. 

Ethyl chloride 
Ethyl alcohol 


Acetic acid 


Acetamide 



HCN H’CHN 



y 5 

H-C-C-Cl 

A 

^ !? 

K-C-C-OH 

k k 
9 

H-C-C-OH 


A 

^ 9 

H-C-C-NH, 

ft 


modern structural formulte, in which dots are used to show 
the linkages between the radicals, and modern graphic 
formula, in which the linkages are shown in detail by a 
series of straight lines. 

Kekul6’s formula for benzene (1865). — The subsequent 
history of organic chemistry has consisted largely of a 
search for, and demonstration of, structural formulae for 
compounds of greater and greater complexity. At first 
these compounds showed only “ open-chains ’’ of carbon 
atoms, but Kekuld himself in 1865 {Bull. Soc. Chtm., 1865, 

compounds and nitrogen as tervalent; in modern formulae higher 
valencies are admitted, e.g, in nitric and sulphuric acids ; 


V’ 


o 


H0\++/0 
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3 , 98-110; Chem, Pharm,^ 1866, 137 , 129) recognised 
the existence of a “ closed chain or “ ring of carbon 
atoms in the formula of benzene ; similar ring-systems are 
characteristic of nearly all aromatic compounds. Kekuld’s 
graphic formula for benzene was of the same type as those 
shown above, but may be translated into modern symbols 

as three valencies are needed 

to form the ring of carbon-atoms and to hold the six hydro- 
gen atoms, as shown in the symbol ^ 

much controversy has therefore arisen as to the way in 
which the fourth valency is disposed of, but Kekuld’s 
formula is universally recognised as the opening of a new 
chapter in organic chemistry and was made the subject of a 
public celebration in 1890. 

Position of the atoms in space. — Kekule represented 
the four hydrogen atoms of marsh-gas as lying in a row 
by the side of the carbon atom. More frequently they 
have been represented as arranged round the carbon atom 
in such a way as to occupy the four corners of a square. 
Van t’Hoffs study of the isomerism of carbon compounds, 
and the crystallographic work of Barlow and Pope, and of 
Bragg, have shown that they are actually arranged at the 
corners of an enveloping tetrahedron. This idea, one of 
the most fertile in modern chemistry, cannot, however, be 
discussed in the present volume. 

Fixed or variable valency. — Is the valency of an atom 
fixed or variable ? Kekule held strongly to the view^ that 
the valency or “ atomicity is a fundamental property of the 
atom, which must be constant and invariable like the weight 
of the atom itself” {Compfes rendus^ T864, 68 , 511). In 
order to account for the existence of compounds such as 
ammonium chloride and phosphorus pentachloride in which 
the valency of nitrogen and phosphorus appears to be in- 
creased, he assumed the existence of a class of molecular 
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COMPOUNDS, which ‘‘ do not form vapours, but are decom- 
posed by the action of heat, reproducing the molecules 
which gave birth to them ” (ibid, 513). Thus he wrote 

NH8 4-HC1 = NH8,HC1 
PCI3 + CI, =PCls,Cl2 

Frankland, on the other hand, in his first note on the 
combining-power of the elements (1852) had already 
adopted the idea of variable valency by ascribing to 
nitrogen and phosphorus a tendency to unite with three or 
five equivalents of other elements. This idea, in one form 
or another, is now adopted very widely. Odling’s attempt 
to distinguish between ‘‘ artiads ” of even valency and “ peris- 
sads ” of uneven valency (Phil, Mag.y 1864, 27 , 115-119) 
broke down when it was found to lead to purely fictitious 
formulae, such as NgO.^ for nitric oxide, NO, and to unjusti- 
fied contrasts such as those shown by the formulae 
FeCl2,Fe2Cl« (for FeClg) and KC104,K2MnPy (for KMnO^). 

Summary and Supplement. 

A. The Rise of Organic Chemistry. 

The rapid growth of inorganic chemistry between 1766 and 
1816 is paralleled by the rise and development of organic 
chemistry in the fifty years from 1815 (when Berzelius first 
assigned formulae to organic compounds) to 1865 (when Kekule 
put forward his structural formula for benzene). The recogni- 
tion of organic substances as compounds of carbon and hydrogen 
with oxygen, and sometimes nitrogen and phosphorus, is due to 
Lavoisier (1784-1789), who also made the first organic analyses. 
He estimated the carbon and hydrogen in charcoal, olive-oil, 
wax and spirit of wine (1784) and showed (1789) that in vinous 
fermentation there is a balance between the carbon, hydrogen, 
oxygen, and nitrogen in the materials used (sugar, water, yeast) 
and in the products obtained (alcohol, carbonic anhydride, etc.). 
In doing this he enunciated the principle of the conservation 
OF mass in chemical changes and explained the significance of 
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a chemical equation. Other early analyses were made by Gay- 
Lussac and Thenard (1810), who discovered the existence of 
carbohydrates^ by Berthollet (1809), by de Saussiire (1807 and 
1814), who analysed alcohol and ether, by Berzelius (1815), 
who first expressed his organic analyses by means of formulcC, 
and finally by Liebig (1831), to whom belongs the credit of 
perfecting the methods of organic analysis. 


B. The Structure of Salts. 

Mayow, in 1674, showed that salts contained an acid and 
a base, which might be set free again by the action of a stronger 
acid or base. Lavoisier regarded salts as compounds of two 
oxides, namely, the acid oxide of a non-metal and the basic oxide 
of a metal. Berzelius (1819) adopted this dualistic theory, but 
recognised that binary compounds could be formed which 
contained no oxygen, and (at a later date) that salts might be 
formed by uniting two hydrides or two sulphides. He suggested 
that all compounds were held together by the electrical attrac- 
tion between oppositely charged components ( Berzelius 
or eteciro-chemicat theory). 


C. The Theory of Radicals. 

Berzelius’s electro-chemical theory could not readily be applied 
to organic compounds, which were not amenable to electrolysis. 
In order to bring them into his scheme Berzelius (1819) adopted 
Lavoisier’s view that inorganic compounds w^cre derived from 
simple elementary radicals, but organic compounds from 
compound radicals, containing two or more different elements. 
The most important radicals were : 


Cyanogen . 

{ Aminonium 
Ammonia 
Amide 


CN or Cy Gay-Lussac, 1815. 

NH4 or Am Ampere, 1816. 
NH, 

NHjOrAd Berzelius, 1832 


Ethyl . . Cyig or Et Liebig, 1834. 

Aetherin (ethylene) C2H4 or Ae Dumas and Boullay, 1827. 
“ Acetyr'(now C2HyO) C2H3 Liebig, 1839. 


/Methyl 
\ Methyl 


ene 


/ Benzoyl 
\ Pikramyl 


CH2 Dumas and Peligot, 1834. 

CH3 or Me Dumas and Peligot, 1834. 

C7H6O or Bz Wohler and Liebig, 1832. 
C7H3 or Pk Berzelius, 1843. 
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After the discovery of the benzoyl-radical in 1832, Liebig 
became the champion of the theory of radicals, whilst Berzelius 
was chiefly concerned that the dissection of organic compounds 
should be carried out in such a way as to segregate completely 
the electro-positive and the electro-negative elements. Dumas, 
who had much to do with the development of the theory of 
radicals, soon broke away from Berzelius’s interpretation of that 
theory and became the chief exponent of the rival theory of 
“ substitution.” 

D. The Theory of Substitution. 

Dumas, in 1834, showed that by a process of substitution or 
inetalepsy the hydrogen of organic compounds could be replaced 
by an equivalent quantity of chlorine or oxygen, e.g. 

Prussic acid . . HCN-I- Cl2= HCl-fClCN (Gay-Lussac, 1815) 

Ethylene chloride C2H4Cl2 + 4Cl2=4HCl-f CjClg (Iniraday, 1821) 

Oil of bitter C7HgO -j- Cl2= HCl -fC^HgOCl 

abtionds (Wohler and Liebig, 1832). 

In some cases, hydrogen was removed without replacement, eg. 

Oxalic acid . H2C204-I-0 gave H2O -f2C02. 

In such cases, it was assumed that hydrogen was present in the 
form of water : thus in the preparation of chloral by the action 
of chlorine on alcohol, 

Ethylene . . C2H4 +302 gave CgHCIg +3HCI 

Water . . HjO + CI2 gave O -f 2HCI 

therefore 

Alcohol . C2H60-f-4Cl2 gave C2HCI3O + 5HCI 


E. Organic Types, Nuclei and Residues. 

Laurent, a pupil of Dumas, asserted that substitution was 
not merely an empirical rule, but, in defiance of all Berzelius’ 
electro- chemical conceptions, that chlorine took the place 
and played the part of hydrogen in organic compounds. 
Dumas, in 1839, adopted this view by suggesting that substi- 
tution could take place without any change of type ; this idea 
was cleverly ridiculed in an anonymous letter written by Wohler 
in 1840. Dumas distinguished between chemical types,, in which 
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the laws of substitution were obeyed strictly, and mechanical 
types^ in which a part of the hydrogen (existing separately from 
the rest in the form of water) could be removed without replace- 
ment by oxygen or chlorine. Laurent, in 1837, found an 
explanation of the same facts in the theory that an organic 
compound consists of a nucleus oi atoms geometrically arranged, 
e.g. in the form of a prism ; hydrogen atoms in the prism 
could only be replaced according to the laws of substitution, 
but other atoms, forming pyramids on the ends of the prism, 
could be added, or removed without replacenient. Gerhardt, 
in 1839, regarded substitution as a particular case of the 
coupling of two residues or radicals. Thus when chlorine 
acted on oil of bitter almonds, the former lost a chlorine and 
the latter a hydrogen atom in the form of hydrogen chloride and 
the product was formed by the union of the two residues, 

C;H50;h + ci:ci = hci 4- C7H,.o*ci. 

In this way the idea of substitution could be extended to include 
the products obtained by the action of sulphuric acid and nitric 
acid on benzene, of acetic acid on alcohol, of ammonia on 
benzoyl chloride, etc. Gerhardt regarded his residues, not as 
real substances, but as expressions of the changes which a 
compound could undergo ; he therefore distinguished between 
the radicals H and Cl and the gases H2 and CI2. He also halved 
the formulm of nearly all organic compounds and used simple 
formuhe based on Avogadro’s hypothesis. 

F. Simple Inorganic Types. 

The discovery by Wurtz, in 1849, of the primary amines, 
methylamine, CH3*NHo, and ethylamine, C2H5’NH2, and by 
Hofmann, in 1850, of the secondary and tertiary amines, led 
to the recognition of ammoitia as a simple inorganic type., 
from which derivatives could be obtained by replacing one or 
more of the three hydrogen atoms by organic radicals. The 
experiments of Williamson, in 1852, on etherification, showed 
that alcohol and ether could be derived from the %vaier type by 
replacing one or both of the two hydrogen atoms by ethyl. 
Gerhardt, in 1856, added the hydrogen type and the hydrochloric 
add type. The marsh gas type^ CH4, in which four hydrogen 
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atoms can be replaced by radicals, was introduced by Kekul^ 
in 1857. 

These simple inorganic types showed only one stage in the 
construction of the molecule, namely, the linking together of 
radicals either directly (in pairs), or through an atom of oxygen, 
nitrogen or carbon, whereby two, three or four radicals could 
be held together. A further subdivision of the molecule was 
effected in the mulHple types of Williamson (1852-1855), 
and Odling (1855), the mixed types of Odling (1855) ^^iid 
Kekul6 (1857), and finally the conjugated radicals of Gerhaidt 

(1855)- 


G. Valency. 

Gerhardt’s simple inorganic types indicated that the different 
elements possessed unequal combining-power ; thus hydrogen and 
chlorine could only be linked to one radical, oxygen to two, 
and nitrogen to three. Kekul6 therefore suggested, in 1857, 
that the elements should be described, according to their 
substitution-values, as monatomic^ diatomic^ tri atomic. This 
idea could also be supplied to radicals, the sulphuryl and 
carbonyl radicals being diatomic, as in sulphuryl chloride, 
SO2CI2, sulphuric acid, S02(0H)2, and carbamide, CO(NH2)2, 
whilst triatomic radicals were present in phosphoric acid, 
P0(0H)3, glycerine, C3H5(OH)3, and trichlorhydrin, C3H5CI3. 
The diatomic character of the carbonyl radical in potassium 
carbonate, CO(OK)2, had already been indicated by Williamson 
in 1851. Frankland, in 1852, had directed attention to the fact 
that nitrogen, phosphorus, arsenic and antimony always com- 
bined with three or five equivalents of other elements, and had 
suggested that each element had a definite combining-power. 
Odling, in 1855, had gone further and had represented the 
combining powers or substitution values of the elements by 
symbols such as H', CF, O'', S", N'", P'". Frankland and 
Odling thus set forth clearly the idea now known as valency, 
but they were hampered by an obsolete system of atomic 
weights, and in the case of many elements could only indicate 
that the double-atom AI2 was tervalent, C2 was quadrivalent, 
etc. The quadrivalency of the single carbon atom was first 
postulated by Kakul^ in 1858 ; he had already, in 1857, intro- 
duced the marsh gas type, containing four hydrogen atoms, 



XVII 


MOLECULAR ARCHITECTURE 


447 


displaceable by radicals, but was not then convinced that 
marsh gas contained only one atom of carbon. Kekule’s dis- 
covery of the carbon-skeleion as the basis of all the hydrocarbon 
radicals provided a final solution of the problem of the molecular 
structure of organic compounds ; in the fatty-compounds the 
carbon-skeleton is composed of open chains of carbon atoms, but 
in benzene and aromatic compounds derived from it Kekule 
recognised, in 1865, the existence of a closed chain or ring of 
carbon atoms. 



CHAPTER XVIII 


THE CLASSIFICATION OF THE ELEMENTS 

A. Metals and Non-Metals 

A “ sceptical chemist’s ” views on the elements (Boyle 
1661 ). — Until the close of the alcheniistic period, it was 
universally agreed that all matter was composed of a very 
small number of “principles’" or “elements,” e,g, the four 
elements, earthy air^ fire and water of Aristotle and the 
Peripatetic School, or the three principles, mercury^ sulphur 
and salt, of Albertus Magnus (1205-1280) and the alchem- 
ists. The modern conception of elements is due to Boyle, 
who sets out his views in the first pages of “ The Sceptical 
Chymist ” ^ as follows : 

“ I perceive that divers of my Friends have thought it 
very strange to hear me speak so irresolvedly, as I have 
been wont to do, concerning those things which some take 
to be the Elements, and others to be the Principles of all 
mixt Bodies. But I blush not to acknowledge that I much 
less scruple to confess that I doubt, when I do so, than to 
profess that I know what 1 do not ” {^Sceptical Chymist^ 
1661, 1-2). 

In discussing “the number of Elements or Principles” it 
was agreed to use “elements and principles as terms equi- 
valent ; and to understand, both by the one and the other, 
those primitive and simple bodies of which the mixed ones 

^ The Sceptical Chymist : or Chymicophy steal Doubts and Paradoxes 
touching the Experiments whereby vulgar Spagyrisis are wont to 
endeavour to evince their Salty Sulphur and Mercury, to be the True 
Principles of Things. London, 1661. Compare Works, 1725, iii. 261. 
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are said to be composed, and into which they are ultimately 
resolved {ibid. p. 16). But Boyle insisted that “a man 
may rationally enough retain some doubts concerning the 
very number of those material ingredients of mixed bodies, 
which some would have us call elements and others prin- 
ciples ” {ibid. p. 10), and urged that the problem must be 
settled rather by experiments than by abstract reasoning. 

Although Boyle was able to combat very effectively the 
idea that the number of elements was limited to three or 
four, more than a century elapsed before it was possible to 
compile a reasonable list of the chemical elements, or to 
make any serious attempt to classify them. But as soon 
as the discovery of oxygen had been followed by the proof 
of the composite character of water, Lavoisier was able to 
set out, in 1789, a list of some thirty elements, which was 
increased to fifty in the hands of Berzelius (1819), and now 
amounts to about ninety. These elements, with their atomic 
weights, are set out in Table F, p. 491. 

Lavoisier’s classification of the elements (1789). — In 
his Elemenia?y Treatise^ Lavoisier classified the elements as 
follows {VVorks^ 1 . 135): 


Simple substances 
belonging to the 
three kingdoms, 
which may be re- 
garded as the ele- 
ments of bodies. 

Simple substances, 
non-metallic,oxid- 
isable, and acidifi- 
able. 


* Simple substances, 
salifiable, earthy. 


Light 

Heat 

Oxygen 

Azote 

Hydrogen 

'Sulphur 

Phosphorus 

Carbon 

Muriatic radical ® 
Fluoric radical* 

, Boric radical* 

I Lime 
Magnesia 
Baryta 
Alumina 
Silica 


* Simple sub- 
stances, 
metallic, 
oxidisable, 
and 

salifiable. 


/Antimony 

Silver 

Arsenic 

Bismuth 

Cobalt 

Copper 

Tin 

Iron 

( Manganese 
Mercury 
Molybdenum 
Nickel 
Gold 
Platinum 
Lead 
Tungsten 

VZinc 


' Lavoisier considered it as probable that the four salifiable earths 
set out above contain oxygen ” ( Works^ I. 126), but he was not able to 

G G 
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The dominant position which Lavoisier assigned to 
oxygen is seen in the text preceding the table : 

“The acidifiable substances, combining with oxygen and 
being converted into acids, acquire a great tendency to 
combination ; they become capable of uniting with earthy 
and metallic substances, and it is by this union that neutral 
salts are produced. 

“This manner of viewing the acids does not permit me 
to regard them as salts, although they have some of their 
principal properties, such as solubility in water, etc. . . . 
For the same reason, I shall no longer place the alkalis nor 
the earthy substances, such as lime, magnesia, etc., in the 
class of salts, and I shall designate by this name only 
compounds formed by the union of an oxidised element 
and a base’’ {IVorks^ I. 115-116). 

Lavoisier’s broad classification of the elements into three 
groups, (i) metals^ (2) inflammable elements, yielding acids 
by combustion, and (3) oxygen^ the essential constituent of 
acids, bases and salts, is curiously similar to the alchemistic 
system in which the three elements were (1) mercury, the 
typical metal, (2) sulphur, the typical combustible substance, 
and (3) salt. 

Oxygen and chlorine as “supporters of combustion 
(Davy, 1812). — Davy, in his Eleinents of Chemical Philo- 
sophy (1812), followed Lavoisier’s classification but made 
certain important modifications. His three groups were : 

(i) Elements that support combustion, — oxygen, and 
chlorine, which Davy had just shown to be an element. 

prove this experimentally. The alkalis were omitted because Lavoisier 
regarded them as compounds, in view of Berthollet^s proof of the com- 
posite nature of ammonia. Silica is not mentioned in the text .accom- 
panying the table, but seems to have been classified with the earths, 
rather than with the boric radical, because if was insoluble in water. 

Arranged in alphabetical order in French. In the text they are 
described, by an obvious misprint, as “acidifiable” instead of “salifi- 
able.” 

® Three unknown elements, assumed to be present as oxides in 
muriatic, “ fluoric,” and boric acids. 
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(2) Inflammable or acidiferous elements^ not metallic ^ — 
hydrogen, nitrogen, sulphur, phosphorus, carbon, and boron 
(prepared in a crude state from boric anhydride in 1807). 

(3) Metals^ 38 in number, as contrasted with Lavoisier^s 
17, including sodium and potassium, barium, strontium, 
calcium and magnesium ; also “aluminum’' and “silicum,” 
which Davy had prepared in an impure condition from 
alumina and silica ( Works^ IV. 165-346). 

Elements classified as metals and non-metals.— In 
Lavoisier’s system oxygen occupied a unique position as 
a supporter of combustion for metals and non-metals 
alike. Davy was fully justified in putting chlorine in the 
same class, but Gay-Lussac showed in 1814 (p. 246) that 
chlorine could not stand alone, since sulphur, chlorine and 
iodine agreed together in their power of uniting both with 
hydrogen to form hydracids and with oxygen to form oxy- 
acids. Berzelius in 1825 grouped together under the name 
of halogens (p. 247) the three elements chlorine, iodine and 
fluorine (to which bromine was added in 1826), which 
united directly with metals to form binary haloid-salts ; on 
the other hand, he grouped together oxygen, sulphur and 
selenium, all of which could unite with metals and with 
non-metals to form ternary amphi-salts (p. 248). 

After undergoing so many modifications, the attempt to 
classify the non-metals as “ combustibles ” and “ supporters 
of combustion” broke down. Later WTiters were content 
to distinguish broadly between metals and non-metals, 
doubtful elements being described sometimes as mf.talloids. 
There is not much difficulty in classifying the elements 
themselves as metals and non-metals {e.g, by the presence 
or absence of metallic lustre and metallic conductivity)^ but 
confusion and difficulty arise when attempts are made to 
effect an identical classification by studying the basic or 
acid qualities of the oxides, or the properties of the chlorides 
and other compounds of the elements. 


G G 2 
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B. Numerical Relationships and the Periodic 
Law 

Dobereiner’s ** triads” (1829). — The existence of small 
groups or “ families ” of elements became evident at a very 
early date. The metals of the alkalis and of the alkaline 
earths formed two of these natural groups. Amongst the non- 
metals, the group of halogens and the elements of the oxygen 
group w^ere enumerated by Berzelius as typical constituents 
of “ haloid ” and of “ amphi ” salts respectively. 

Dobereiner, in 1829, directed attention to the fact that a 
determination by Berzelius of the atomic weight of bromine 
agreed with a prediction of his own “that the atomic weight 
of bromine would probably be the arithmetic mean of the 
atomic weights of chlorine and iodine ” ; thus 

35:47o+,i2^47o ^ 

2 

where Berzelius found 78*383. So also in the case of sul- 
phur, selenium and tellurium, = 80*741, 

2 

where the actual atomic weight of selenium was 79*263. 

In the case of the metals, similar relationships were 
detected in the groups 

calcium, strontium, barium 
lithium, sodium, potassium 

as well as in certain groups where the atomic weights differed 
but little, as in 

nickel, copper, zinc, 
platinum, iridium, osmium, etc. 

{Pogg. Ann. der Physik,.^ 1829, 15, 361-307.) These groups 
of three elements, with atomic weights in arithmetical 
progression, became known as DdbereinePs triads. 

Dumas's “natural series'' and “common differences" 

(1859). The accuracy of the relationship discovered by 
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Dobereiner was tested by Dumas in a memoir “ On the 
Equivalents of the Elements'^ (Ann. Chim, Fhys.^ 55 , 
129-210), in which he sought to establish an analogy 
between the “ natural families ” of elements and the 
“ natural series ” of organic radicals. Dumas concluded 
that : 

“ In a family of three elements, the equivalent of the 
intermediate element may be equal to the mean of the equi- 
valents of the two extreme elements ; but the contrary may 
also occur in regard to the most closely related elements 
{loc. cit. p. 163). 

Thus P Mean = 81*25, whereas Br = 80*0. 

I — 127*0 j 

When dealing with the equivalents of organic radicals, on 
the other hand, the averages are exact, and may, moreover, 
be extended throughout a homologous series in the form of 
an arithmetical progression, as represented by the simple 
formula a + 7 id^ e.g. 

H= i,CH 3-= f q- t4,C2H5= 1 + 2 X i4,C3H7== I + 3 X i4»etc. 

Dumas suggested that something similar might be recog- 
nised in the “equivalents”^ of the following families of 
elements : 


F = 19 

Cl =i9-H 16-5= 35*5 

Br =19+ 2x16-5-}- 28-80 

I =19+ 2x16-5-1-2x28^19=127 

N = 14 

P =14+17= 31 

As =14+17+ 44=75 

Sb =14+17 + 2x44=119 
Bi =14+17 + 4x44 = 209 


0=8 

S = 8+ 8=16 

Se= 8+ 4x8= 40 
Te = 8+ 7 ^ 64 

Mg= 12 

Ca = 1 2 + 8 = 20 

Sr =12+ 4x8= 44 
Ba=i2+ 7x8= 68 
Pb =24+ 10 X 8 = 104 etc. 


To Dumas belongs also the credit of recognising the 
existence of numerical relationships between the eauivalents 

^ The “equivalents” of the nitrogen family are identical with the 
modern atomic weights, but those of the oxygen and magnesium families 
are one half of the atomic weights. 
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or atomic weights of different families of elements, the 
fluorine and nitrogen families, and the magnesium and 
oxygen families, thus : 


Fluorine 

19 

Nitrogen 

1 nion 

Chlorine 

35 '5 

Phosphorus 

1 i 1 

Bromine 

80 

Arsenic 

/ ViillLl CiiLC 

Iodine 

127 

Antimony 

122 j ^ 

Magnesium 

12 

Oxygen 

8 ^ 

Calcium 

20 

Sulphur 

16 Common 

Strontium 

43 7 5 

Selenium 

3975 ^-difference 

Barium 

68*5 

Tellurium 

64*5 4 

Lead 

103-5 

Osmium 

99-5 


These differences were precisely similar to those observed 
in homologous series of organic radicals, 


Ammonium i8 Methyl 

Methylammonium 32 Ethyl 

Ethylammonium 46 Propyl 

Propylammonium (k) etc. Butyl 

Dumas concluded that 



Since the radicals of mineral chemistry show amongst 
themselves the same general relations as the radicals of 
organic chemistry, there is certainly room to bring the two 
chemistries more closely together than is the case at the 
present day’' {Ann, Chim, Phys., 1859, 55 , 202). 


Newlands’s “relations between equivalents” (1864).— 

Dumas was much restricted by using the old equivalents in 
place of the newer atomic weights which were adopted im- 
mediately afterwards in consequence of the work of Deville 
and of Cannizzaro (pp. 514 and 343). If he had doubled 
the equivalents of the oxygen and magnesium families, he 
would have recognised that his scheme of “common differ- 
ences ” could be applied generally to all the elements. Thus 
the four families which he considered specially would have 
come together as in columns IV, V, VI and VIII of Table A. 
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Table A 

Newlands’s First Table of the Elements^ 



I. 

II. 

III. 


IV. 


V. 


Li 

7 

B 

1 1 

C 

12 

N 

14 

0 

16 

Xfi 

1 

[Mg 

24 

- 

- 

Si 

28 

P 

31 

s 

32 

P 1 

Zn 

65 

- 

- 

- 

— 

As 

75 

Se 

79*5 

H 

[ Cd 

1 12 

- 

- 

Sn 

118 

Sb 

122 

Te 

129 


- 

- 

Au 

196 

- 

- 

Bi 

210 

Os 

199 


VI. 

VII. 

VIII. 

IX. 


X. 


F 

19 

Na 

23 

Mg 

24 


— 


— 

crt / 

-o 

[Cl 

35*5 

K 

39 

Ca 

40 

Mo 96 

Pd 

io6*5 

.S 3 J 

'C j 


80 

Rb 

85 

Sr 

87*5 

V 

137 


— 


[I 

127 

Cs 

^33 

Ba 

137 

W 

184 

Pt 

197 



- 

Tl 

203 

Pb 

207 


— 




This table, which shows all the triads in a single scheme, 
was put forward by Newlands in 1864 in a paper on “ Rela- 
tions between Equivalents {Chem, News^ July 30, 1864, 10 , 
59; reprinted in a pamphlet On the Discovery of the Periodic 
Law^ London, 1884, p, 8). He had already described a 
number of relations between the equivalents in continuation 
of the work of Dumas ; but this new table was a direct 
result of the adoption of Cannizzaro’s system of atomic 
weights. Newlands directed attention to the following 
features in the table : 

( 1 ) There is a constant difference of sixteen to seventeen 
units between the values for the initial member of each group 
and the first term of the corresponding triad. 

(2) I’his difference is equal to the value assigned to 
oxygen ; simple multiples of this difference may be recog- 
nised in other parts of the table. 

(3) “ Silicon and tin stand to each other as the extremities 
of a triad,” the “central term or mean of the triad, ... is 

at present wanting; thus = 73 [Pertodtc 

2 

' The triads are arranged horizontally in the original table. The 
following elements would now be assigned to different families ; Li, Au, 
Os, Tl, Pb, V, 
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Law^ p. 8). This missing element (Mendeleeffs eka-silicon) 
was discovered in 1886 by Winkler, who called it Germanium. 

(4) Palladium and platinum appear to be the extremities 
of a triad, the mean of which is unknown,” and remains 
unknown at the present day. 

Newlands’s “Law of Octaves ’’ (1865). — To Newlands 
belongs also the credit of publishing, in 1864, the first table 
in which the elements were arranged vi ihe order of their 
atomic weights^ and of assigning to the elements thus arranged 
a series of consecutive atomic numbers {Periodic La 7 V, pp. 7 
and ii). When this arrangement was made, it was seen 
that : 

“The numbers of analogous elements generally differ 
either by seven or by some multiple of seven ; in other words, 
members of the same group stand to each other in the same 
relation as the extremities of one or more octaves in music. 
Thus, in the nitrogen group, between nitrogen and phos- 
phorus there are 7 elements ; between phosphorus and 
arsenic 14; between arsenic and antimony, 14; and lastly 
between antimony and bismuth, 14 also” {Chem. News, 
Aug, 18, 1865 ; Periodic Law, p. 14). 

This peculiar relationship Newlands proposed to term 
provisionally the law of octaves. It was described at a 
meeting of the Chemical Society on March i, 1866, and 
was criticised “on the score of its having been assumed 
that no elements remain to be discovered.” One Fellow, 
whose misdirected wit has provided a perennial warning to 
rash critics, “ humorously inquired of Mr. Newlands whether 
he had ever examined the elements according to the order 
of their initial letters ? ” Newlands replied that “ he had 
tried several other schemes ” and had found that “ no rela- 
tion could be worked out of the atomic weights under any 
other system than that of Cannizzaro ” {Periodic Law, p. 19); 
but the paper was rejected and failed to secure attention 
until similar relationships were put forward five or six years 
later by Mendel(feff and by Lothar Meyer. 



XVIII THE CLASSIFICATION OF THE ELEMENTS 457 


It is not necessary to consider in detail the table which 
Newlands used to illustrate the Law of Octaves. In spite 
of the larger number of elements, the families were reduced 
from ten to seven, in order to maintain the idea of octaves. 

Table B. Newlancls’s “ Elements arranged in Octaves.’* 

H T F 8 Cl 15 , Co & Ni 22 P>r 29 Pd 36 Te 43 Pt & Ir 50 

Li 2 Na 9 K 16 ' Cu 23 Kb 3<^ Ag 37 Cs 44 Os 51 

3 Mg 10 17 i Y 24 Sr 31 Cd 38 B.a Sc. V 45 Hg 52 

Po 4 A 1 n Ti 18 j Zu 25 Zr 32 Sn 39 Ta 46 T 1 53 

C. 5 Si 12 Cr iq 1 In 26 Ce ^ La 33 U 40 VV 47 Pl> 54 

N 6 P 13 Mn2o|As 27 Di & Mo 34 Sb 41 Nb 48 lii 55 

O 7)5 14 Fc 21 ! Se 28 ' Ko & Ru 35 I 42 1 Au 49 Th 56 

The members of the triads, recurring at intervals of fourteen 
elements, were separated by unrelated elements occupying 
the intermediate octaves, thus disguising to some extent the 
relations indicated so clearly in the first table. 

Mendelfieff on ‘‘periodicity’* (1869).— This fault was 
remedied in a short note “On the Relationships of the 
Properties to the Atomic Weights of the Elements,” sub- 
mitted to the Russian Chemical Society in March, 1869, by 

D. Mendeleeff. In Mendeleeffs table the number of 
families was increased to nineteen, and, in spite of many 
gaps and a large number of interrogation- marks, all 


Table C. Mendeleeffs First Table of the Elements. 




Ti = 50 

Zt= 90 

?=i8o 



V^'51 

Nb= 94 

Ta = i82 



Cr = 52 

M 0 = 96 

W=i86 



Mn = S5 

Kh“ 104,4 

Ft =197,4 



Fe = 56 

Ru — 104,4 

Ir = 198 


Ni 

= Co = 59 

Pd =106,6 

Os= 199 



Cu = 63,4 

Ag= 108 

Hg=200 

Be= 9,4 

Mg = 24 

Zn = 65,2 

Cd = 1 12 


B==ii 

A 1 = 27,4 

?=68 

Ur=ii6 

Au= 197? 

C- 12 

Si = 28 

?= 7 o 

Sn = ii8 


N = I4 

P = 3i 

As = 75 

Sb= 122 

Bi = 2io? 

0=16 

S = 32 

Se = 79,4 

Te=i28? 


F = 19 

Cl = 35.5 

Br=8o 

J = I27 


Na = 23 

K = 39 

Rb = 8s.4 

Cs=i33 

T 1 = 204 


Ca = 40 

Sr = 87,6 

Ba=i37 

Pb=207 


?=45 Ce = 92 

?Er = 56 La = 94 

?Yt-6o Di = 95 

?In=75,6 Th=ii8? 
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the old relationships were shown clearly. Moreover, new 
determinations of atomic weights permitted the elements 
Be 9*4, V 51, Ta 182, to be placed in their correct positions 
in the table. 

Mendeleeff’s first table was accompanied by the following 
statement of the law of periodicitv : — 

“ I. The elements, if arranged according to their atomic 
weights, exhibit an evident periodicity of properties. 

“ 2. Elements which are similar as regards their chemical 
properties have atomic weights which are either of nearly 
the same value (Ft, Ir, Os), or which increase regularly (K, 
Rb, Cs). 

“ 3. The arrangement of the elements. ... in the order 
of their atomic weights, corresponds to their so-called 
valencies as well as, to some extent, to their distinctive 
chemical properties, e,g. Li, Be, B, C, N, O, F. 

‘^4. The elements which are most widely diffused have 
small atomic weights. 

** 5. The magnitude of the atomic weight determines the 
character of the element, just as the magnitude of the 
molecule determines the character of a compound. 

‘‘6. We must expect the discovery of many yet unknown 
elements, — for example, elements analogous to aluminium 
and silicon, whose atomic weights would be between 65 and 

75 - . . 

‘‘ 7. The atomic weight of an element may sometimes be 
amended by a knowledge of those of the contiguous ele- 
ment. Thus the atomic weight of tellurium mu.st lie 
between 123 and 126, and cannot be 128. 

8. Certain characteristic properties of the elements can 
be foretold from their atomic weights’^ (German trans., 
Zeitschr. f. Chemie, 1869, 5 , 405-406, from Russ. Ckem* 
Ges.^ 1 , 60. English translation in Mendeleeffs “ Faraday 
Lecture,” Tracis. Chem. Soc.y 1889, 55 , 634-656). 

IiOthar Meyer on periodicity (1869). — A few months 
after the publication of Mendel^ffs brief note, a paper 
appeared on “ The Nature of the Chemical Elements as a 
Function of their Atomic Weights” (Liebig’s Ann. Chem. 
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Pharm,^ 1870, 7, SuppL, 354-364), in which Mendel^feffs 
suggestions were developed in a remarkable way by Lothar 
Meyer. Meyer defined the law of periodicity as follows : 

“The properties of the elements are largely periodic 
functions of the atomic weight. Identical or similar pro- 
perties recur, if the atomic weight is increased by a definite 
amount, which is at first 16, then about 46, and finally 88 
to 92 units ” (loc, cit. p. 358). 


Thus there is a difference of 16 units between the alkali- 
metals lithium and sodium, and again between sodium and 
potassium. These elements resemble one another closely, 
but differ widely from all the elements of intermediate 
atomic weight. “ Only the valency rises and falls regularly 
and equally in the two intervals, thus 


Valency i 

Elements ( If 
I Na 


234 

Be B C 
Mg Al Si 


3 2 I 

N O F 

P S Cl 


{loc cit, p. 358). 

Meyer’s ])aper includes a complete classification of the 
elements, which shows all the essential features of the 
familiar table which Mendeldeff produced two years later, 
and in some points is in even closer agreement with the 
modern table on p. 463. 

The paper also contains a curve showing the variations of 
atomic volume as the atomic weight increases (see below, 
p. 472); this curve remains, even to-day, one of the best 
illustrations that can be given of the principle of periodicity. 

Mendeleeff on “The Periodic Law” (1871). — In his 
complete paper on “ The Periodic Law of the Chemical 
Elements,” Ann. Ckem, Pharm.^ 1872, 8 , SuppL, 

133-229), Mendel<feff, following Lothar Meyer, adopted a 
compromise (compare Table D, p. 462), between Newlands’s 
system, in which only 7 families were recognised, and his 
own, in which there were 19. 
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Nearly all the elements were classified, according to the 
general scheme of Newlands’s octaves, in seven groups, 
numbered I to VII, arranged in seven vertical columns 
under eight typical elements^ (/oc. cit p. 152) : 

H Li Be B C N O F 

When the elements, in the order of their atomic weights, 
had been allotted to their proper families they formed not 
fewer than twelve horizontal series or short periods (loc. 
cit. p. 145), of which the first was occupied by hydrogen 
only, and the second by the seven other typical elements 
referred to above. 

Mendeleeff, like Newlands, now found that the chief 
triads appeared in alternate short periods or octaves, and 
therefore distinguished between the even series and the 
ODD series r/V. p. 145), e.g. 

Fourth Series : K Ca — Ti V Cr Mn 

Fifth Series : Cu Zn — — As Se Br 

Sixth Series : Rb Sr — Zr Nb Mo — 

Seventh Series : Ag Cd In Sn Sb Te I 

This difficulty was overcome (again following Lothar Meyer) 
by placing the members of the even series on the left hand, 
and the members of the odd series on the right hand side 
of the vertical columns ; in this way the number of columns 
was virtually increased to fourteen and each group could be 
subdivided into two distinct families. Unfortunately, the 
distinction between the odd and even series is not a sharp 
one, since the alkali-metals are found in series two, three, 
four, six, and the halogens in series two, three, five, seven. 
Thus Li was classed with K, Rb, Cs, whilst Na was classed 

^ The phrase was derived from Gerhardi’s “simple inorganic types” 
(p. 425), the chief of which may be recognised in the series 

— ~ — CH4 Nils OHj FH (compare Cl H). 

Hydrogen, placed in the same column as lithium, was also regarded as 
a “ typical element.” 
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with (Cu) (Ag) (Au) ; but the latter classification was so 
unnatural that the coinage metals were only shown in 
brackets in Column I, and in full in Column VIII where 
they follow the metals, Ni, Pd and Pt, which they resemble 
so much more closely. 

Mendelt^eff also recognised that whilst there were sharp 
differences between the last members of the odd series 
(halogens), and the first members of the even series (metals 
of the alkalis),” yet *‘the last members of the even series 
resemble in many respects . . . the first members of the 
odd series” [loc. cit. pp. 145, 146). Thus the even series 
4 and the odd series 5 were linked together by a remarkably 
smooth TRANSITION SERIES of elements (loc, cit. p. 146): 

Cr=52,Mn~55,Fe=56, Co=sg, Ni=59,Cu=63, Zn=65. 

Mendeldeff therefore placed four of these metals, Fe, Co, 
Ni, Cu in an additional Column VIII, and described the 
elements in Column VIII, with the octave or short period 
on either side, as a long period (loc. cit. p. 146). Similar 
long periods of 17 elements were recognised on either side 
of the two groups of heavy metals 

Ru = 104, Rh = 104, Pd = 106, Ag = 108 
Os = 195, Ir=i97, Pt == 198, Au ~ 199. 

A periodic classification of the elements. — A modern 
classifictition of the elements, w'hich embodies all the essential 
features of the tables of Lothar Meyer and Mendeldeff, is set 
out in Table E (p. 463). This table is based upon the 
RYDBERG SERIES, according to which the number of elements 
in successive periods is given by the formula 

2 X 1^+ 2 X 2^ + 2 X 2^4* 2 X 3®+ 2 X 3^+ 2 X 4^+ etc. 

The symbol of each element is also accompanied by its 
atomic number Z (p. 487), as well as by its approximate 
atomic weight. As compared with Mendel^eff's Table, the 
number of columns has been increased by one in order 



Table D. — Mendel^eff’s Periodic Classification of the Elements 
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Table E. — Short Periods and Long Periods 
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to include the inert gases of the atmosphere, discovered 
by Ramsay from 1895 to 1898, 

He=4-oo2, Ne=2o*i83, Ar=39*944, Kr=83*7, Xe= 131*3, 

together with the radioactive emanation Radon = 222, 
which belongs to the same family of elements. In accordance 
with their zero valency these gases were placed by Ramsay 
in an additional Column O at the beginnmg of the short and 
long periods ; but they have now been transferred to the 
ends of the preceding periods. The discovery of these gases 
adds an additional column to the table, and also justifies its 
subdivision into seven chief periods as follows : 

(1) The very short ‘‘hydrogen-period” has been ex- 
tended to include the tivo elements, hydrogen and helium, 
which are required to complete the first term of the 
Rydberg Series. 

(2) Two short periods of eight elements. — The first 
short period now includes eight typical elements. The 
elements of the second short period correspond with them, 
just as in the early tables of Newlands and Mendeldeff. 

(3) Two long periods of eighteen elements. — These two 
periods are again precisely similar to one another, but they 
now include 18 instead of 17 elements, and the number 
of “transitional elements” has been increased from 7 to 10, 
corresponding with the increment from 2 x to 2 X 3^ in 
the Rydberg series. By printing the whole of a long period 
on a single line, the anomalies of the odd and even series 
disappear, since the two elements on the left of the first 
vertical line, which indicates the beginning of the transition 
series, correspond closely with the first two typical elements, 
and the six elements on the right of the second vertical 
line, which indicates the end of the transition series, 
correspond with the last six typical elements. The 10 
interpolated transitional elements usually show only an 
incidental resemblance to typical elements of similar valency, 
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but the elements at either end of the transitional series 
tend to carry on the sequence of properties of the adjacent 
“typical’^ elements. Thus scandium and yttrium at one 
end of the transitional series resemble aluminium rather 
closely, just as zinc and cadmium resemble magnesium at 
the other end. 

(4) A very long period of thirty-two elements, includ- 
ing the elements of the rare earth series. — Mendel^eff 
assumed that the two long periods, including series 4-5 
and 6-7, would be followed by three more long periods of 
identical type, including series 8-9, lo-ii, and I2~r3(?). 
He therefore left spaces (/oc. cit, p. 151), for a group of 
transition elements of atomic weight about 150, between 
series 8 and 9, and for another group of atomic weight 
about 250, at the end of series 12, to correspond with the 
group Os, Ir, Pt, of atomic weight about 193 between series 
10 and II. He was also obliged to assume that there was 
an element missing in each of the following families : 


Cu 

Zn 



As 

Ag 

Cd 

In 

Sn 

Sb 

Au 

Hg 

T\ 

Pb 

Bi 


I^othar Meyer, on the other hand {Ann. Chem. Fharm.y 
1870, 7 , Sup})!., 356), suppressed these gaps and assumed 
that the differences between analogous elements increased 
abruptly from 16 to 46, and then again from 46 to 90 
on passing from Ba — Sr to Ta — Nb (see quotation, 
P- 459 )- 

None of Mendeleeffs hypothetical transition-elements 
has been found, nor have the gaps between silver and gold, 
cadmium and mercury, tin and lead, or antimony and 
bismuth been filled by the discovery of additional elements 
belonging to any of these families. It is therefore probable 
that these gaps do not in fact exist, and that Lothar Meyer 

HH 
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was right in his suggestion that the differences in a hiniily 
of elements may be i 6 or 46 or 90, as in the two series 

Li = 7 Na = 23 K = 39 Rb = 85| €8=133 

Differences 16 16 46^ 4j\ 

N = i4 P = 3i As = 75 Sb=i2o Bi = 2o8 
Differences 17 44 4s 88 

There is, however, a gap of about 40 units at the point 
where the differences undergo this sudden increase. This gap, 
which extends from lanthanum (La — Y = 139 — 89 = 50) 
to hafnium ( H f — Zr = 1 79 — 9 1 = 88) is filled by a series of 
RARE-EARTH ELEMENTS, derived mainly from monazite sand. 
In addition to scandium and yttrium, two elements of much 
smaller atomic weight, fourteen tervalent elements of known 
atomic weight have been separated from this source (see 
Table F, p. 492) together with one element illinium, of which 
only the atomic number (61) is known : 

57 58 59 60 61 62 63 64 65 66 67 6S 69 70 71 

l.a Ce Pr Nd II Sa Eu Gd Tb Ds IIo Er Tm Yb Ln 

138-9 140-4 140-9 144-3 150-4 152-0 157-3 T59*2 162-5 163-5 167-7 169-4 173*0 175*0 

These tervalent elements are so similar that their separation 

has occupied more than a century. They differ far less 
than Mendeleeffs transition-elements and cannot possibly 
be scattered over the eight families of the short periods, or 
the eighteen families of the long periods of the conventional 
classification. With unmistakable clearness these elements 
all claim a place in the same family as scandium and yttrium 
and must be placed with them in Group III of Mendeltfeff’s 
Table. The regular periodic change in the properties of 
the elements is evidently checked at this point and only 
goes forward again after some 40 units have been added to 
the atomic weight. Spectroscopic evidence indicates that 
lanthanum is a transitional element, corresponding with 
scandium and yttrium, and that a series of fourteen ad- 
ditional tervalent “ rare earth elements ” has been intruded 
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between lanthanum and hafnium, so as to increase the 
number of elements in the period from 18 to 32. 

(5) A period composed of radioactive elements. — The 
last period is a mere fragment, but includes four well-defined 
elements of known atomic weight, occupying alternate 
columns in the first octave of Period VII. and correspond- 
ing closely in their properties with the earlier members of 
these four families. I'hese four elements arc 

Radon Rn 222 Thorium Th 234 

Radium Ra 226 Uranium Ur 238 

They differ from the lighter elements in that they are all 
RADIOACTIVE, they constantly liberate energy, which 
appears to be derived from the disinte(}ration of the atom. 
In the absence of any known synthetic process, a radio- 
active element must either decay very slowly, or must be 
reproduced continuously from some element of greater 
atomic weight. Uranium and thorium, the two elements 
of greatest atomic weight, show very slight radioactivity and 
are credited with a very slow rate of decay. Other radio- 
active elements appear to be derived, directly or indirectly, 
from these two parent elemi-nts. 

Some of these radio-elements, which enjoy a relatively 
long life, can be separated by ordinary chemical methods 
from the ores in which the parent-elements are found. 
Thus the Bohemian pitchblende of Joachimsthal (crude 
UaOg) has given radium, polonium and actinium, in the 
uranium series, whilst thorium-minerals have given meso- 
thorium and radiothorium. Radium has been prepared in 
sufficient quantity for an ordinary determination of atomic 
weight, and the atomic weight of radon, a gaseous emana- 
tion produced during the decay of radium, has been deter- 
mined by special modifications of ordinary methods (Gray 
and Ramsay, Proc. Roy, Soc.y 1911, A, 84 , 536-550). The 
chemical properties of other radio-elements can be inferred 

HH 2 



468 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 

from the readiness or otherwise with which they are carried 
down with, or can be separated from, typical elements of 
smaller atomic weight. On these grounds polonium has 
been placed in the same family as tellurium, in a vacant 
space immediately after bismuth. In the same way, aciininm 
is assigned to the same family as lanthanum, and probably 
occupies the vacant place between radium and thorium; 
but no radioactive element, however transient, has been found 
to occupy the vacant places below caesium and iodine in the 
families of the alkali-metals and the halogens respectively. 

Isotopic elements. — About 40 radio-elements are crowded 
into the narrow range from lead (207) to uranium (238), 
covering only 12 places in the periodic classification of the 
elements. This crowding is explained by the existence of 
ISOTOPIC ELEMENTS,^ Containing atoms of unequal weight, 
but with similar or identical chemical and physical properties 
and identical atomic number. The discovery (p. 303) that 
samples of lead from different radioactive minerals differ 
in atomic weight provided strong experimental confirmation 
of the production of isotopes by radioactive decay. 

By making use of the mass-spectrograph, in which the 
ratio of the mass to the charge is determined for the par- 
ticles which make up the positive rays of a discharge tube, 
Aston {Phil. Mag., 1920, [vi] 39 , 449 et seq.) has extended 
the theory of isotopes to elements such as chlorine, which 
are not radioactive. Other isotopes have been detected by 
spectroscopic methods, and hydrogen has been separated 
into two isotopes by the electrolysis of water. Elements 
with integral atomic weights are usually composed of one 
kind of atom only ; but all elements of which the atomic 
weights differ widely from integral numbers are found to be 
mixtures of isotopes, e.g. ®®C1 and ®^C1. 

1 Soddy, Nature, Dec. 4, 1913, 92 , 400. 
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C. Applications of the Periodic Law. 

Periodicity of valency. — The ebb and flow of valency, 
which was described by Meyer in 1869 (p. 459), was 
discussed more fully in 1871 by Mendeleeff. He suggested 
(Joe. cit. p. 141) that, whilst the valency in the hydrides 
varied in the order indicated by Meyer (p. 459), the 
valency in the oxides was identical with the group-number, 
and varied in the order 12345678, thus : 


Group 

I. 

11. 

III. 

IV. 

V. 

VI. 

VH. 

VIII. 


( I 

2 

3 

4 

3 

2 

I 


Hydndes^A LiH 

— 

BH3 

CH4 

NH3 

OHj 

FH 

— 


I^Nall [Call; 


SiH4 

PH, 

SHa 

CIH 

— 


[ I 

2 

3 

4 

5 

6 

7 

8 

* 

Oxides J 

Li ,0 

BeO 

IbO, 

CO2 

N.P5 

— 


( includes 

1 

|^Na,0 

MgO 

AI.P3 

SiOa 

PA 

SO3 

ciaJ 

KuO. 

[OsO, 


The “typical” hydrides and oxides at the head ot Men- 
deleeff s tables were selected so as to fit into a regular 
series. Thus in (iroup I. the higher oxides of sodium and 
potassium, Na.^O.^ and KgO^, were rejected as “ peroxides ” 
(which did not form salts) ; but the typical salt-forming 
oxides, cupric oxide, CuO, and auric oxide, AugO^, were 
also set aside in favour of the less stable oxides Cu.^O 
and Au^O. The regular ebb and flow of valency with 
increasing atomic weight is, however, one of the most 
striking features of the periodic classification, and is set 
out in a very effective way in a chart attached to the 
Faraday Lecture which Mendeleeff delivered before the 
Chemical Society in 1889 (Tram. Chem. Soc ^ 1889, 65 , 
facing p. 656), where all the salt-forming oxides are 
tabulated in a series of well-defined waves. Moreover, these 
regular changes of valency afford the sole justification for 

^ The hydrides of the earlier groups weie not known to Mendeleeff. 

* MgHj is not known. 
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crowding the elements into eight or nine groups and for 
including in the same group such diverse elements as sulphur 
and chromium, chlorine and manganese, or potassium and 
copper. 

Periodicity of atomic volumes (L. Meyer, 1869). —The 
most remarkable feature of Lothar Meyer’s paper is a 
diagram, which shows the ebb and flow of the atomic 
VOLUME^ of the solid elements as the atomic weight 
increases. 

**The curve ... is divided by five maxima^ into six sec- 
tions, which have somewhat the form of a series of suspended 
chains, of which the second and third, and likewise the 
fourth and fifth, are similar to one another and occupy nearly 
equal portions of the horizontal axis. 

“ If one considers now the placing of the elements on the 
curve, one finds in corresponding places on similar portions 
of the curve elements with similar properties. 

“ All easily melted^ volatile and gaseous elements are on 
ascending branches of the curve ; those fusible with difficulty 
. . . on descending hr sinches, . . near the minimum,” where 
also are found the few elements that do not obey the law of 
Dulong and Petit, and so forth {Ann. Chem. Pharni., 1870, 
7, Suppl., 359-363)- 

The chief feature of the atomic volume curve (Fig. 52, 
pp. 472 — 473), as Lothar Meyer points out, is its subdivision 
into a series of six catenary curves, which correspond with the 
first six periods of the modern table of the elements shown on 
p. 463. In the region covered by the two short catenaries 
II and III, Newlands’s Law of Octaves may be applied 
with little modification, but the long catenaries IV and V 
(which form an equally close pair), indicate clearly that the 
interval betw'een analogous elements is now much greater 
than an octave ; the atomic volume curve thus makes the 
distinction between the short and long periods compulsory 
rather than optional. 

^ The atomic volume=At. wt. Xspecific volume^/' At. wt.-rdensity. 

* Corresponding, in Lothar Meyer’s curve, with the 5 alkali-metals. 



xvin THE CLASSIFICATION OF THE ELEMENTS 471 


The subsequent course of the curve is less certain. 
Lothar Meyer represented the whole of the elements from 
cnesium 133 to bismuth 208, as lying upon a single big 
catenary VI, corresponding with the big period VI of 32 
elements shown in Tables 2, 3 and 4. Later writers, 
following Mendeleeff, assumed that there were t?wo long 
periods here, separated by a maximum occupied by an 
unknown alkali-metal, but there is no experimental 
evidence to support this view ; on the contrary, the few 
measurements that have been made of the atomic volumes 
of rare-earth elements suggest that these would fall on a 
smooth curve running down gently from barium to tantalum 
and tungsten. It is remarkable that Lothar Meyer, with 
the help of his atomic volume curve should have antici- 
pated at so early a date the modern classification of the 
elements into six complete periods and one fragment. 

Later measurements have added a number of additional 
points to the curve. The caesium peak has been realised 
experimentally, and the discovery of radon and radium 
has rendered probable the existence of yet another peak 
beyond the region covered by Lothar Meyer^s curve. The 
most striking additions to the curve are points corresponding 
with 10 elements which are gaseous at ordinary tempera- 
tures.^ Some risk attaches to the inclusion of liquefied gases 
in a comparison which is primarily concerned with solid 
elements, but the additional points are by no means devoid of 
interest. Thus the inert gases of Group o are found on the 
ascending portions of the curves, just below the alkali metals, 
with the solitary exception of helium, which rises above and 
dominates the point representing lithium. Liquid oxygen 
and fluorine fall into position on the second catenary, but 
liquid nitrogen produces a small secondary peak on the 
curve. 

1 Chlorine was the only substance studied by Meyer in the liquid 
state. 
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determined there is often some doubt as to its valency and 
therefore as to its atomic weight. If the metal can be 
separated, its specific heat will give the information required. 
If not, the isomorphism of its compounds is the most trust- 
worthy guide ; but there are so many exceptions to the law of 
isomorphism {e AggS and PbS are isomorphous) that 
further confirmation is often needed. It is just here that 
the periodic classification finds its most important practical 
application. The following examples show also the advan- 
tages of the periodic system over the earlier system of 
classification into families. 

I. Beryllium. Equivalent 4’55. Atomic weight 
4*55x2-9*1. The compounds of beryllium resemble 
those of aluminium, e.g. the hydroxide is soluble in j[:austic 
alkalis as well as in acids, the carbonate decomposes spon- 
taneously at ordinary temperatures, the metal is prepared by 
electrolysing the fusible double fluoride and dissolves in 
alkalis with liberation of hydrogen. Beryllium was therefore 
assumed, like aluminium, to be tervalent, with atomic weight 
3 4’55 = there is no vacant place here in the 

periodic classification, and Newlands in his first complete 
table of the elements (p. 457) was obliged to place beryllium 
(with valency 2 and atomic weight 9) above magnesium, in 
a position which he had assigned a few months before (from 
a consideration of the individual family relationships) to 
lithium (p. 455). MendeleelT {A?in. Chem. Fharm.., 1872, 
8 , Suppl., p. 166) was able to justify the position thus 
assigned to beryllium by showing that 

(a) there was a steady gradation in the scries Li, Be, B ; 

(b) the differences between beryllium and magnesium 
were of the same character as in the corresponding 
members of the two adjacent families, 

Li Be B 
Na Mg A 1 


^ Equivalent 6 8, if O as 8. 
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(c) the resemblance between beryllium and aluminium 
was similar to that which Newlands had detected between 
lithium and magnesium and that which is found between 
boron and silicon, thus : 


Li Be B 



Mg A 1 Si 


The correctness of the smaller atomic weight was proved 
finally by determinations of the vapour-density of beryllium 
chloride, which gave the molecular weight as 817 (Be = 9, 
Cl2=7i) between 686° and 812° (Nilson and Pettersson, 
Comftes rendus^ 1884, 98 , 988-990). 

2. Indium. Equivalent 38*27. Atomic weight 3 x 38*27 = 

1 1 4*8. This element, discovered by spectrum analysis ^ in 
the Freiburg zinc ores, by Reich and Richter in 1863, was 
regarded by Newlands as bivalent, but was placed correctly 
by Lothar Meyer, with the help of his atomic volume curve. 
Mendeleeff (Joe. cit. p. 178) confirmed the higher atomic 
weight for the element by measuring its specific heat, which 
he found to be 0*055 (agreeing closely with a number 0*057 
given by Bunsen), whence the approximate atomic weight 
equals 6*3 0*055 = 115. 

3. Uranium. Equivalent 59*6. Atomic weight 59*6 x 6 
“238*5. This element was regarded by Newlands as 
bivalent, at. wt. 60 x 2 = 120. Lothar Meyer showed that it 
could not be placed on the atomic volume curve at this 
point, and suggested Ur = 6ox3 = i8o. Mendeleeff (loc. cit. 
pp. 178-184), after tracing its analogies with chromium, 
molybdenum and tungsten, assigned to it the atomic weight 
60 X 4 = 240. The discovery of its radioactivity has fully 
justified the view that uranium should be placed at the end 

^ Compare thallium, discovered in, pyrites V)y Crookes (1861)/ and 
gallium (p. 477), discovered in zinc blende from the Pyrenees by 
Boisbaudran (1875). 
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of the table as the element having the greatest atomic weight 
that is known. 

Correction of atomic weights. (^) Equivalents 
corrected. — Certain elements, which were found to be mis- 
placed, when arranged strictly in the order of their atomic 
weights, could be restored to their own families by assuming 
smaller errors, due to the use of inexact equivalents. Thus 
gold (196*2) was placed after osmium, iridium and platinum 
(198*6, 196*7, 196*7) ; later measurements have proved the 
correctness of this sequence, thus : 

Os Ir Ft Au 

191*5 193-1 195-23 197-2 

On the other hand, three cases are known in which the 
atomic weights refuse to conform to the order suggested by 
the periodic classification. These are 

A K Co Ni Te I 

39^944 39*096 5^*94 5^*69 127-61 126-92 

The significance of these deviations is discussed below 
(p. 494). 

Prediction of missing elements. — Mendeleeff was so con- 
vinced of the validity of the periodic law that, unlike 
Newlands and Lothar Meyer, he altered atomic weights that 
did not conform to his system and made detailed predictions 
of the properties of unknown elements, which could be 
verified or disproved by experiment. Missing elements, 
were named by prefixing the Sanskrit numerals eka-, dwi-^ 
tri- to the element in the odd or even series below which 
vacancies were found. Detailed predictions were made of 
the properties of 

ekaboron = 44, ekaalummium ^ = 68, ekasilicon = 72. 

^ Mendeleeff gave a more detailed prediction of the properties of 
ek&ahunin'mm r£Hd^^s, 1875, 970-971) after the discovery 

of gallium had been announced by Lecoq de Boisbaudran. 
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These were vindicated in a striking way by the discovery of 
the three patriotically-named elements 

scandium^ ga/lium^ germanium^ 

(Nilson, 1879) (Boisbaudran, 1875) (Winkler, 1886) 

Some of the chief predictions, and their verification, arc set 
out below. The narrative shows the most important points 
of agreement between Mendeleelfs predictions and the 
observed properties of the three elements. 

Ekaboron. Scandium. 

Atomic Weight Eb~44 Sc = 44-1 

Formula of Oxide Eb203 SC2O3 

Density of Oxide 3-5 3*8 

The metal is light, non-volatile and fusible with difficulty. 
The oxide is a weak base, intermediate between alumina 
and magnesia and insoluble in alkalis. It forms a 
gelatinous hydrate, carbonate and phosphate. The sulphate 
is soluble (but less so than aluminium sulphate) and forms 
an alum. The chloride is less volatile than aluminium 
chloride and more easily hydrolysed than MgCl2, liberating 
HCl. The salts are colourless. 


Ekaaluminium. Gallium. 

Atomic Weight 68 69*9 

Density 5-9 593 

{ ** low 1 

temperature” } C. 

Formula of Oxide EagOg 0a203 

Density of Oxide 5*5 — 


The metal is not volatile ; it is attacked slowly by air 
and w^ater, by acids and by alkalis. The oxide being 
more basic than AlgOg and less basic than MgO, it is 
precipitated by barium carbonate. The gelatinous 
hydroxide is soluble in acids and alkalis. I’he sulphide 
is precipitated by sulphuretted hydrogen and is not 
soluble in ammonium sulphide. The metal forms a 
soluble trichloride, a soluble sulphate and an alum. 
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Atomic Weight 
Density 

Density of Oxide 
Density of Chloride 
B.P. of Chloride 
Density of Ethide 
B.P. of Ethide 
The metal, prepared 
the action of sodium 


Ekasilicon. 
Es == 72 
Es, 5 ‘5 
EsO,. 


_ 47 
ESCI4, 1*9 
<^100° 

Es(C2H5)4, 0-96 
160° 

by reducing the oxide, 
on the double fluoride. 


Germanium. 
Ge ~ 72 5 
Ge, 5*469 
GeOg, 4703 
GeCl4, 1*887 
86 ^C 

Ge(C2H,)4, <i 
160“ 

or by 
is not 


easily fusible, but burns to a very refractory white 
dioxide. The oxide is feebly basic ; on adding acid to 
its alkalirie solutions, it may remain in solution as 
a soluble hydrate or be precipitated as an insoluble 
metahydrate. The disulphide is insoluble in w^ater, but 
dissolves in ammonium sulphide. The fluoride, like the 
chloride, is a volatile liquid. 


In the range covered by the rare-earth elements Men- 
del&ff was struck by the absence ... of almost a whole 
long [period (beginning from Ce = 140) and concluded 
that this ‘‘can scarcely be regarded as accidental and 
probably has its origin in the nature of the elements 
Chew, F/.arm,^ 1872, 8 , Suppl , 205); but his 
predictions of missing elements in this region were very 
inexact. Thus his Ekacaesium, Ec = i75, bears no re- 
semblance to Hafnium (p. 492) ; and his Ekaniobium, 
En == 146, falls in the middle of the rare-earth series (see 
Illinium, p. 492). On the other hand his Ekamanganese, 
Em = 100, and Trimanganese, Tm = 190, were discovered 
in 1925 and are now known as Masurium and Rhenium 
(p. 493), whilst his Dwicaesium, Dc = 220, and Ekatantalum, 
Et — 235, are represented by radioactive elements which 
have not yet been isolated. 

Secondary relationships in the periodic system.— The 

classifleation of the elements by vertical columns into 
groups and families has come to be regarded as the 



XVIII THE CLASSIFICATION OF THE ELEMENTS 479 

dominant property of the periodic system, and has been 
made the basis for the descriptive portion of many text- 
books, The undue emphasis of this property, which is 
mainly an expression of valency-relationships, has created 
an artificial atmosphere, in which the close similarity 
between manganese and iron or between the compounds 
of copper and mercury, is overlooked in favour of a strained 
analogy between manganese and chlorine, or between 
cuprous chloride and common salt. In the same way the 
two combustible elements, sulphur and phosphorus, are 
only rarely mentioned togetlier, since they have the mis- 
fortune to differ in valency. 

For this fault Mendeleeff cannot be blamed, since he 
insisted quite as much on the analogy between adjacent 
elements in the same horizontal series as on that between 
alternate elements in the same vertical group and used both 
of these “atomic analogies” in predicting the properties of 
missing elements. He was also careful to point out the 
relationships which are observed between certain elements 
lying on the same diagonal line (see above, p. 475.)- 

Some of these diagonal analogies are strong enough to 
overcome the limitations imposed by unequal valencies, as 
in the case of boron and silicon, their fluorides and double 
fluorides, BF3, SiF4, KBF4, K2SiF^., and the glass-forming 
borates and silicates. In other cases valencies are developed 
in defiance of the simpler rules of periodicity, as when 
boron becomes quadrivalent in the hydrides BgH^^ and 
as if in protest against its separation from the non-metals 
carbon and silicon. Many similar cases might be quoted 
of unexpected resemblance between elements lying 
diagonally on lines sloping down from left to right in the 
table. 

The importance of the horizontal relationships is seen 
most clearly in MendeldefTs group of transition elements. 
Metallurgists will recognise in the series 
V, Cr, Mn, Fe, Co, Ni, 
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almost the whole of the elements, apart from carbon, silicon, 
and tungsten, which are used in the manufacture of modern 
special-steels. Equally remarkable is the series of 
isomorphous bivalent sulphates studied by Mitscherlich 

(?• 372), 

MnSO<, FeS04, C0SO4, NiS04, CuSOj, ZnS04, 

which run right across a scries of columns labelled VII, 
VIII, 1 , and II, and headed by the symbols R2O7, RO^ 
R2O and RO. The horizontal relationship reaches its 
climax in the case of the rare-earth elements which run 
consecutively, with identical valency and almost identical 
properties, over a range of 40 units of atomic weight. 

If injustice is not to be done to the memory of Mendeleeff, 
it is important that these secondary relationships should be 
recognised and emphasised. 

1). Atomic Weights and Atomic Numbers. 

Prout’s hypothesis (1815). — Almost immediately after the 
first atomic weights had been determined, attempts were 
made to discover numerical relationships between them. 
The most important of these, now known as prout’s 
HYPOTHESIS, was put forward anonymously in a paper “ On 
the Relation between the Specific Gravities of Bodies in 
their Gaseous State and the Weights of their Atoms” 
[Annals of Philosophy^ 1815,6,321-330). It is generally 
expressed by a statement that 

“ The atomic weights of the elements are exact multiples oj 
the atomic iveight of hydrogenJ^ 

The view first put forward by Prout was : 

“ That all the elementary numbers, hydrogen being con- 
sidered as I, are divisible by 4, except carbon, azote, and 
barytium b and these are divisible by 2 [loc. cit. p. 330). 


’ i.e, barium. 
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This view was supported by tables showing the actual 
densities of various gases relatively to hydrogen, and the 
hypothetical densities of many solid elements and com- 
pounds ; from these the ‘‘ specific gravities or equivalents 
of the elements were deduced as a series of integral 

numbers, thus : 

11 C N P O S Ca Na Fe Zn Cl K Ba I 

I 6 14 14 16 16 20 24 28 32 36 40 70 124 

Hypothetical values for 23 other elements were all shown 
as multiples of 4. 

Prout on the specific gravity of hydrogen (1815). — 

Whilst the idea that all the atomic weights are even 

multiples of the atomic weight of hydrogen is obviously 
untrue, credit must be given to Prout for determining for 
the first time the correct density of hydrogen, by an indirect 
method, as follows : 

“ The specific gravity of hydrogen, on account of its 
great levity, and the obstinacy with which it retains water, 
has always been considered as the most difficult to take of 
any other gas. ... It occurred to me that its specific 
gravity might be much more accurately obtained by calcu- 
lation from the specific gravity of a denser compound into 
which it entered in a known proportion. Ammoniacal gas 
appeared to be the best suited to my purpose, as its specific 
gravity had been taken with great care by Sir H. Davy, and 
the chance of error had been much diminished from the 
slight difference between its specific gravity and that of 
steam. . . . 'Fhe specific gravity of ammonia, according 
to Sir H. Davy, is *590164, atmospheric air being 1*000. 
We shall consider it as *5902. . . . Now ammonia consists 
of three volumes of hydrogen and one volume of azote 
condensed to two volumes. Hence the specific gravity of 
hydrogen will be found to be *0694,^ atmospheric air being 
1*0000. It will be also observed that the specific gravity of 


^ “ Let ji; = sp. gr. of hydrogen, then 2P , ? -. 


Hence x- 


,1-1 804 ~ *9722 _ . 


0694.” 


•5902. 


3 



482 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 


oxygen as obtained above is just 16 times that of hydrogen 
as now ascertained, and the specific gravity of azote just 
14 times’’^ {loc. cit. p. 322). 

Hydrogen as **protyr' (Prout 1816).— This correct 
determination of the density of hydrogen ^ was essential for 
the development of the stimulating and suggestive hypothesis 
of integral ^ atomic weights, which led Prout to conclude 
that : 

“If the views we have ventured to advance be correct, we 
may almost consider the TrpwTT/ vXj] of the ancients to be 
realised in hydrogen ; an opinion, by the by, not altogether 
new. If we consider this to be the case. . . the specific 
gravities, or absolute weights of all bodies in the gaseous 
state, must be multiples of the specific gravity or absolute 
weight of the first matter (wptaTrj vXri)^ because all bodies in 
a gaseous state which unite with one another unite with 
reference to their volume’^ {Annals of Philosophy^ 1816, 7 , 
>' 3 )- 

Atomic weights in relation to oxygen. — I'wo years 
before Front’s paper appeared, Thomas Thomson pointed 
out {Anna/s of Philosophy^ iSt3, 2 , 114) that if oxygen be 
taken as unity “there are eight atoms of simple bodies 
whose weights are denoted by whole numbers ; namely 

Oxygen i Sulphur 2 Potassium 5 Arsenic 6 

Copper 8 Tungsten 8 Uranium 12 Mercury 25.” 

The first of these ratios was confirmed by Dumas, but most 
of the others are obviously incorrect. Dumas concluded 
that : 

“If oxygen be represented by 8, sulphur must be repre- 
sented by 16. There exists then between these equivalents 
the simple ratio i : 2, of which organic chemistry presents 
so many examples’’ {loc. cit. p. 148). 

^ 1*11111 -7- -0694= 16 and •9722-^*0694=14.” 

^ ThonisSon in 1813 using an earlier value for the density of hydrogen, 
had only been able to find one integral multiple. 

® No longer even numbers in the second (1816) paper. 
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The average of five experiments actually gave the ratio 8 : 
t6‘oi, agreeing closely with the modern ratio oxygen : sulphur 
= 16:32 06. Dumas (still using equivalents rather than 
atomic weights) also gave 

Co : Ni : Sn = 29*5 : 29*5 : 59 = i : i : 2 and 
N : Fe : Cd = 14 : 28 : 56 = i 12:4; 
these numbers may be compared with Crookes’ suggestion 
{Phil, Trans. ^ 1908, A. 209 , 44) that 

B : Sc : Y : Yb = 1 1 ‘o : 44*1 : Sg’o : 1 73 0 =1:4:8:16 

No special importance is now attached to the fact that 
the atomic weight tables do actually show some very close 
multiples of the atomic weight of oxygen, or that this 
number, as Newlands pointed out in 1864 (The Periodic 
Laiv^ p. 6) is even more common amongst the differences ; 
thus, when O — 16, 

8 = 32*06 Ti = 47*90 Br= 79*916 Mo = 96*0 
S — 0 = i6*o6 K — Na= 16*009 Na — Li = 16*057, etc. 

It is, however, remarkable that integral atomic weights are 
much more common when O — 16 and H = 1*0078 than 
when H = i and O — 15*876. 

Experiments to test Front’s hypothesis. — Thomson, who 
gave to Front’s paper the place of honour in his annual 
review of the progress of Chemistry for 1815 (Thomson’s 
Annals of Philosophy 1816, 7 , 17) confirmed Trout’s hypo- 
thesis by a series of experiments carried out between 1819 
and 1825 (An Attempt io Establish /he First Principles oj 
Chemistry by Experiment, London, 1825). But he appears 
to have had an unconscious bias in favour of those experi- 
ments which gave correct ” or integral values for the atomic 
weights. In the words of Berzelius : 

He reduces all the numbers found by his predecessors to 
the nearest multiple of the atomic weight of hydrogen, 
calculates therefrom the atomic weights of their compounds, 
and precipitates them in weighed quantities corresponding 
with the corrected atomic weights, when they always 

I I 2 
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decomposed one another exactly.” Berzelius, whose own 
numbers had been criticised adversely by Thomson,^ added 
that “ This investigation belongs to that very small class, 
from which science can derive no advantage whatever . . . 
and the greatest consideration which contemporaries 
can show to the author is to treat this work as if it 
had never appeared” {Jahresbericht, 1827, 6, 77). 

But Trout’s hypothesis was not to be got rid of so easily. 
Dumas and Stas (p. 150) by bringing down the atomic 
weight of carbon from 12*25 ^^'97 obtained 

striking evidence that Berzelius’s deviations from integral 
ratios might be due largely to unsuspected experimental 
errors. So, also, Dumas’s experiments on the composition 
of water (p. 127) which brought down the atomic weight of 
oxygen from 16*03 1^^ 1^1^ still very close to an 

integral ratio. Many years later, after completing his experi- 
ments on the equivalents of the elements, Dumas concluded 
“ that the equivalents of the elements are often integral 
multiples of the equivalent of hydrogen taken as unity,” 
but that in the case of chlorine ^ and certain other elements 
“the unit with which they must be compared is only 0*5 of 
the equivalent of hydrogen ” (An/i. Chim, Phys.^ 1859, 55 , 
141). Stas, on other hand, who for many years devoted all 
his leisure to the elucidation of this problem, began his 
experiments with “ an almost absolute confidence in the 
exactness of the law of Trout,” but when they were com- 
pleted had “ arrived at the complete conviction, the entire 
certainty, so far as certainty is possible on such a subject, 
that the law of Trout ... is only an illusion, a pure 
hypothesis definitely contradicted by experiment ” ( WorkSy 
1. 311). 

* “Berzelius’s numbers are in general very near approximations to 
the truth ; though I am persuaded that in very few instances he has 
actually reached it” {First Principles, I. xvii.). For a fuller dis- 
cussion see Mallet’s “Stas Memorial Lecture” (Trans, Chem, Soc.y 
1893. 63 , 1-56), and Freund, Chemical Composition, chap. xix. 

Following Telouze, Actes Soc, Helv. Sci, Nat,, 1843, 64. 
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Prout’s hypothesis and the law of probabilities. — 

Although it was thus established that the atomic weights 
do not conform to Prout*s hypothesis, and cannot be 
calculated or corrected by means of that hypothesis, the 
frequent approximation of the atomic weights towards 
integral numbers showed clearly that, as Stas admitted in 
1887, ‘‘there must be something in it” (Mallet, loc. cit. 
p. 35). Marignac, in reviewing Stas's paper pointed out 
that the average difference between Stas’s nine atomic 
weights and those required by Prout’s hypothesis (as modified 
by Pelouze and by himself) was only 0*056 {Geneva Archives^ 
i860, 9 , 105). He concluded that the law of Prout, like 
the laws of Boyle and of Charles, had been proved to be 
inexact, but that such laws had still a practical value in 
supplying useful approximations for everyday use, and were 
theoretically important as affording an ideal standard or rule, 
the deviations from which demanded very careful study. 

The same idea was expressed in a more mathematical 
form by Strutt in a paper “ On the Tendency of the Atomic 
weights to approximate to Whole Numbers” {PhiL Mag,^ 
1901, [vi], 1 , 311-314). Taking a series of eight atomic 
weights given by Richards to three decimal places, he 
showed that the sum of the differences from integral 
numbers was 0*809, three-fourths of this difference being 
due to the two elements chlorine and potassium. The 
probability of this total deviation is 0*001159, or about i 
chance in 1000, so that “the atomic weights tend to 
approximate to whole numbers far more closely than can 
reasonably be accounted for by any accidental coincidence.” 

Newlands on atomic nnmberB (1864 to 1878 ).— ProuPs 
hypothesis was perhaps responsible for the introduction 
of the idea of atomic numbers, i>e, of representing the 
elements by a series of integers. The publication by New- 
lands, in 1864, of a table showing the elements in the order 
of their atomic weights {Periodic LaWy p. 7 ) was followed 
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within a month by the addition to the table of a series of 
consecutive numbers (p. 457), and by the discovery of tiie 
Law of Octaves as applied to these integers. 

In these early atomic numbers no space was left for 
undiscovered elements and the correctness of the numbers 
could only be checked by the vague indications of the Law 
of Octaves. Newlands attempted to overcome this difficulty 
by tabulating the ratios of the atomic weights to the atomic 
numbers and showing that the ratios increased from 2*5 to 
2*75 to 3 to 4 approximately (Periodic Latt\ p. 15). But it 
was not until MendeleefLs prediction of missing elements 
had been justified by the discovery of gallium in 1875 
that Newlands attempted a more open spacing of the 
atomic numbers. Two tables were published in 1878 
(Periodic Law^ facing p. 32) to illustrate the new system of 
atomic numbers. In the first the atomic weights were 
divided by 2*3, so that Na= 10; the elements were arranged 
in sixteen octaves, separate columns being assigned to 
hydrogen, to the groups of transition elements, and at the 
end of the table to the two elements thorium and uranium, 
whilst two octaves were left vacant in the region now 
occupied by the rare-earth elements. In this scheme of 
atomic numbers 

Au( 86 ) = <?5-d5, \]r{ioz) = 1043s, ' 

the number in brackets being the atomic numbers, and the 
numbers in italics the reduced atomic weights ; the reduced 
atomic weights and the atomic numbers usually agreed within 
a few units and there were forty vacant spaces. In the 
second table the atomic numbers were divided by 2*37, so 
that 0=15; hydrogen, and the octaves beginning with 
sodium and lithium, were followed by nine columns of ten 
elements, the transition elements being placed below the 
octaves in the longer columns. In this scheme 

Y{(i)=^0'422y Au(86) ^ ^j'i2y Ur(ioi)« 70/’27 ; 
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the agreement between the reduced atomic weights and 
the atomic numbers was closer and the number of vacant 
spaces was reduced to thirty-seven. 

Experimental determination of atomic numbers. — 
Atomic numbers have acquired great importance in recent 
years, owing to the discovery that several properties of the 
atom, which are not directly related to the irregularly-distri- 
buted atomic weights, are related in a very simple way to 
integral atomic numbers closely analogous with those put 
forward by Newlands in 1878, but showing seven places less 
between hydrogen and gold. Amongst these properties 
are 

(1) The scattering of a-particles by gases. 

(2) The absorption of X-rays by different elements. 

(3) 1'he high-frequency spectra of the elements. 

Of these methods, the last is the simplest to explain, and 
appears to give the most exact results : it may therefore be 
described as a type of the new methods of determining 
atomic numbers experimentally, 

Moseley (1914) on the high-frequency spectra of the 
elements. — When X-rays fall upon a crystal, a diffraction- 
spectrum is produced, in just the same way as when ordinary 
light falls upon a ruled diffraction-grating. The two phe- 
nomena are very similar to one another, but in the case of 
X-rays the linear dimensions are about 10,000 times smaller. 
Thus while the yellow light of sodium consists of two radia- 
tions of wave length 5890 and 5896 x 10"® cm., the radiation 
from a rhodium target in an X-ray bulb gives radiations of 
wave-length 0*54 and o*6i x io~® cm., the latter in its turn 
being a doublet of wave-lengths o’6i4 and 0*619 x 10"® cm. 
(Bragg, Royal Institution Lecture^ June 5, 1914). The 
nature of the X-ray spectrum depends on the nature of the 
elements composing the target (Moseley, Phil, Mag.y Dec. 
1913^26, 1024-1034; April, 1914, 27 , 703 ~ 7 ^ 3 )- The 
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spectra (Fig. 53) are extremely simple, consisting, in the case 
of fourteen elements from aluminium to zinc, of two 
principal lines, decreasing in wave-length and increasing in 
frequency as the atomic weight increases. The increase of 



Fig. 53. High-Frequency Spectra. 


frequency is perfectly regular, the square-root of the frequency 
increasing by equal amounts between consecutive elements ; 
thus by selecting a suitable constant the square-roots of the 
wave-lengths can be plotted out against a series of integral 
numbers (Fig. 54), The exactness of the relationship is 
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WAVE LENGTH X 10"Cms. 

8 6 5 4 3 2 1-5 1 -9 *8 -7 -6 
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shown in the following table (Moseley, Phil Mag., Dec. 
1913, 26 , 1028) : 


Wave-lengths. Atomic Atomic 


Element. 

X 10 

8 

Ratio. 

Q. 

Number. 

Weight. 

Ca 

3*094 

3-368 

1*089 

19*00 

20 

40*07 

Sc 

— 

— 

— 

— 

21 

44*1 

Ti 

2*524 

2-758 

1*093 

20*99 

22 

48-1 

V 

2-297 

2519 

1*097 

21 96 

23 

51-0 

Cr 

2 093 

2*301 

1*100 

22 98 

24 

52-0 

Mn 

I *918 

21 1 1 

I*IOI 

23*99 

25 

54-93 

Fe 

1765 

1-946 

1*103 

24*99 

26 

55 -84 

Co 

1 *629 

1-798 

I *104 

26 00 

27 

58-97 

Ni 

I *506 

I *662 

I *104 

27*04 

28 

58-68 

Cu 

I 402 

I 549 

I *105 

28*01 

29 

63-57 

Zn 

1*306 

1*445 

I *106 

29*01 

30 

65-37 


In this table Q = 


f ■' 1 * 
ITC/ 


, where v is the frequency of the 


line of longer wave-length and vq is a constant derived from 
the study of ordinary series spectra. It will be seen that Q 
gives a series of integral numbers one unit less than the 
atomic numbers reckoned from H i, He 2, Li 3, etc., that it 
leaves an integer vacant for scandium, and finally that the 
Q-numbers show precisely that exact relationship which Prout 
postulated incorrectly in the case of the atomic weights. It 
is further of interest to notice that the value of Q is one 
unit greater for nickel than for cobalt, although nickel has 
the smaller atomic weight, thus justifying Mendelecff’s 
arrangement of the transition-elements in the order Cr, Mn, 
Fe, Co, Ni, Cu, Zn. 

This “ K series ” of spectra is continued up to Ag(^7) = 
107*88. But already at Zr(4o) = 9o*6, an “L series” of 
spectra begins ; this is more complex, containing some five 
chief lines, but the same laws apply to these lines as to the two 
lines of the K series, and the atomic numbers can thus be 
carried forward as far as Au(79)= 197*2. 

A complete list of atomic numbers and atomic weights is 
shown in Table F, p. 491. The atomic numbers deter- 
mined experimentally by Moseley in 19T3 and 1914 are 
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shown in heavy type. It should be noticed that Cl(f7) and 
K(i 9), both determined experimentally, leave a gap for 
Ar{i8), although argon has a greater atomic weight than 
potassium ; corresponding data for tellurium and iodine are 
not given. In the case of the rare earths, all the numbers 
from 57 to 72 were observed, either with pure preparations 
or with mixed fractions, with the exception of 61 and 72, 
which appeared to be entirely wanting in the materials 
which he examined. 

TABLE F. — Atomic Numbers and Atomic Weights. 


I I Hydrogen 

H 

I *008 




II 2 Helium 

He 

4-002 

HI 10 Neon 

Ne 

20-183 

3 Lithium 

Li 

6*940 

1 1 Sodium 

Na 

22-997 

4 Beryllium^ 

B.- 

9-02 

12 Magnesium 

Mg 

24*32 

5 Boron 

B 

10-82 

13 Aluminium 

A 1 

26-97 

6 Carbon 

C 

12-00 

14 Silicon 

Si 

28-06 

7 Nitrogen 

N 

14-008 

15 Phosphorus 

P 

31-02 

8 Oxygen 

0 

16 ! 

16 Sulphur 

S 

32-06 

9 Fluorine 

1 ' 

19-000 

17 Chlorine 

Cl 

35*457 

IV 18 Argon 

Ar 

39-944 

V 36 Krypton 

Kr 

83-7 

19 Potassium 

K 

39-096 

37 Rubidium 

Rb 

85-44 

20 ('alcium 

Ca 

40-08 

38 Strontium 

Sr 

87-63 

21 Scandium 

Sc 

45 - ‘o 

39 Yttrium 

Vt 

8892 

22 Titanium 

Ti 

47-90 

40 Zirconium 

Zr 

91-22 

^ Vanadium 

V 

50-95 

41 Niobium'^ 

Nb 

92-91 

24 Chromium 

Cr 

52-01 

1 42 Molybdenum Mo 

96*0 

25 Manganese 

Mn 

54-93 

I 43 Masurium 

Ma 

? 

^ Iron 

P'e 

55-84 

44 Ruthenium 

Ru 

101-7 

27 Cobalt 

Co 

58-94 

45 Rhodium 

Rh 

102-91 

28 Nickel 

Ni 

58-69 

46 Palladium 

Pd 

io6'7 

29 Copper 

Cu 

63-57 

47 Silver 

Ag 107-880 

30 Zinc 

Zn 

65-338 

48 Cadmium 

Cd 

112-^1 

31 Gallium 

Ga 

69-72 

. 49 Indium 

In 

114-76 

32 Germanium 

Ge 

72-60 

60 Tin 

Sn 

118-70 

33 Arsenic 

As 

74-91 

61 Antimony 

Sb 

121-76 

34 Selenium 

Se 

78-96 

52 Tellurium 

Te 

127-61 

35 Bromine 

Br 

79-916 

53 Iodine 

I 

126*92 


^ Or Glucinum Cl. 


* Or Columbium Cb. 
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VI Xenon 

Xe 

131*3 1 

72 Hafnium 

Hf 

178-6 


55 Caesium 

Cs 

132-91 

73 Tantalum 

Ta 

181-4 


56 Barium 

Ba 

137-36 

74 Tungsten^ 

W 

184-0 

CO 

57 Lanthanum 

La 

138-92 

75 Rhenium 

Re 

186-31 

H 

( 58 Cerium 

Ce 

14013 1 

76 Osmium 

Os 

191*5 

/?; 

59 Praseodymium Pr 

140-92 

77 Iridium 

Ir 

193*1 


60 Neodymium 

Nd 

144-27 

78 Platinum 

Pt 

J9523 


61 Illinium 

II 

? 

79 Gold 

Au 

197-2 


62 Samarium 

Sa 

150*43 

80 Mercury 

Hg 200-61 

UJ 

63 Europium 

Eu 

152-0 

81 Thallium 

Tl 

204-39 

K i 

64 Gadolinium 

Gd 

157*3 

82 Lead 

Pb 

207-22 

H 

65 Terbium 

Tb 

159-2 

83 Bismuth 

Bi 

209-00 


66 Dysprosium 

Ds 

162*46 

84 - 

— 

— 

<3 

W 

67 Holmium 

Ho 

163-5 

85 — 

— 

— 

W 

68 Erbium 

Er 

167-64 

VII 86 Radon 

Kn 

222-0 


69 Thulium 

Tm 

169-4 

88 Radium 

Ra 

225-97 

< 

70 Ytterbium 

Yb 

172-04 

90 Thorium 

Th 

222*12 


'71 Lutecium 

Lu 

175-0 

92 Uranium 

Ur 238-14 


Atomic weights and atomic numbers. Total number 
of missing elements. — The discovery of a real system of 
integral atomic numbers has supplied just that element of 
mathematical exactness which was lacking in the relation- 
ships put forward by Prout, by Ddbereiner, by Dumas, and 
others. The agreement between these atomic numbers and 
the consecutive numbering of the elements is such that 
every confidence may be felt in an enumeration of the 
elements on this new basis. Thus between Ba(56) and 
Ta(73) there are sixteen places, of which fourteen were filled 
by rare-earth elements of known atomic weight. Of the two 
missing elements, No. 72 was identified under the name 
of Celtium by Urbain in rare-earth fractions, its atomic 
number being deduced by X-ray analysis {Comp tes rendu s, 
1922, 174 , 1347). It has since been isolated from zirco- 
nium minerals (Coster and Hevesy, Natun, 1923, 111 , 79) 
and its atomic weight determined under the name of Hafnium. 
No, 61 has been identified by the same method and has 


i Or Wolfram, W. 
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been described as Illinium {Nature^ 1926, 117 , 792). The 
atomic numbers admit only two other vacancies between 
aluminium and gold, namely, Mendeldeffs 

Ekamanganese(43) = 99 (?) between Mo(42) and Ru(44) 
Trimanganese (75) = 187 (?) between W(74) and Os(^6). 
These two elements have been identified by X-ray analysis, 
and the names Masurium and Rhenium have been given 
to them (Si/z, Preuss, Akad.y 1925, 400), but the atomic 
weight of masurium is not yet known. 

In the radioactive region, the atomic numbers of 

84. Polonium Po 89. Actinium Ac 91. Protactinium Pa 

are well-established, although their exact atomic weights are 
not known, but no elements corresponding to the atomic 
numbers 85 and 87 (a halogen and an alkali-metal) have 
yet been discovered. These are therefore the only Mfo 
atomic numbers which still represent “ missing elements 
of which no trace has yet been discovered. 

Integral atomic numbers and atomic weights. — The 
existence of a series of integral atomic numbers proves “ that 
there is in the atom a fundamental quantity, which increases 
by regular steps as we pass from one element to the next. 
This quantity can only be the charge on the central positive 
nucleus’' of the atom (Moseley, PhV. Mag., i 9 i 3 ) 26 , 
1031). Since, however, the positive charge on the nucleus 
is exactly balanced in a neutral atom by negatively-charged 
electrons, ihc atomic number must also be equal to the number 
of planetary electrons surrounding the nucleus. On the other 
hand the atomic iveight is determined mainly by the mass of the 
nucleus., since the mass of the electrons is almost negligible. 

Atoms which have equal numbers of planetary electrons, 
and therefore equal atomic numbers and nuclear charges, 
but unequal nuclear masses, are said to be isotopic. They 
are “ non-separable ’’ by most processes, since their properties 
(except mass and density) are almost identical. 
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If the mass of the hydrogen-nucleus or proton is taken 
as 1*0078 (or that of the oxygen-nucleus as 16) the mass of 
the individual nucleus is within very narrow limits an 
integer as Prout supposed. Elements with fractional 
atomic weights are therefore mixtures of isotopes, whilst 
elements with integral atomic weights may perhaps be homo- 
geneous. This does not apply, however, to hydrogen, 
carbon and oxygen, in which isotopes have been detected 
by spectroscopic methods, so that the number of “ simple ” 
elements is relatively very small. 

Summary and Supplement. 

A. Metals and Non-Metals. 

The idea that all bodies were composed of four “elements” 
or three “ principles ’Svas opposed by Boyle, who urged that 
the number of elements could only be detennined by experi- 
ment (Sceptical Chymist, 1661). Lavoisier, in 1789, gave a list 
of 30 elements ; Berzelius, in 1819, described 50 ; the number 
now known is about 90. 

Lavoisier classified the elements in three chief groups : (a) 
Oxygen^ with light and heat, azote and hydrogen, (b) Metals, 
forming basic oxides, and (c) Non-metals, forming acid oxides. 
Davy classified chlorine with oxygen as a supporter of com- 
bustion,” and also described the elements as “positive” or 
“negative” according as they were attracted to the negative or 
to the positive pole in electrolysis. Berzelius classed fluorine 
and iodine with chlorine, and sulphur and selenium with oxygen. 
Finally the oxygen-group ceased to be distinguished from the 
other non-metals, and the elements were divided into two groups, 
as metals and non-metals. 

B. Numerical Relationships and the Periodic Law. 

Ddbereiner, in 1829, showed that the atomic weight of 
bromine was approximately the mean of the atomic weights 
of chlorine and iodine. Other triads were S, Se, Te ; Ca, Sr, 
Ba; Li, Na, K; also Ni, Cu, Zn and Pt, Ir, Os, where the 
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atomic weights differed very little. Dumas, in 1859, discovered 
regular increments of atomic weights in families of 4 or 5 
elements, and showed that these might be identical in different 
families ; thus there was a common difference between the 
equivalents in the families F, Cl, Br, I and N, P, As, Sb, as 
well as between those of Mg, Ca, Sr, Ba, Pb and O, S, Se, 
Te, Os. 

Newlands, in 1864, using Cannizzaro’s atomic weights, 
arranged Ddbereiner’s triads and Dumas’s families in a single 
tabic. In 1865, after tabulating the elements in the order of the 
new atomic weights, he found that similar ekments occurred, 
as in music, at intervals of 7 or 14 places. This la%v of octaves 
hilled to attract attention until similar schemes were put 
forward by Mendel^eff in 1869 and in 1871 and by Lothar 
Meyer in 1869 to illustrate the law of pcfiodiciiyy which states 
that “ 7 he properties of the elements are periodic functions 
of their atomic wighti^ In Mendeleeff’s classification, New- 
lands’s octaves appear again as 12 series or short periods ^ the 
first containing hydrogen only, whilst the second contains the 
7 typical elements, Li, Be, B, C, N, O, F, of Groups I to VII. 
A Group VIII was added to take the triads of transiiion’-clements, 
which bridge the gap between the even series and the odd series. 
4 to 5, 6 to 7, and 10 to ii ; each of these triads, with the 
octaves on either side, constituted a long period of 74-3-j-7™i7 
elements. A “Group o’’ is now added to take the rare-gases 
of the helium series. The main periods are therefore : 

Period I. {= series i) Hydrogen and helium. 

Periods II and III. (= series 2 and 3) Eight elements each. 

Periods IV and V, (= series 4 to 7) Eighteen elements each. 

Period VI. (= series 8 to ii) Thirty-tW'o elements. 

Period VH. (= series 12 etc ) Radioactive elements. 

The long periods are extended from 8 to 18 elements by the 
intrusion of 10 transitional elements. The very long sixth period 
is extended in a precisely similar way from 18 to 32 elements 
by the intrusion of 14 additional tervalent elements of the rare- 
earth series. The end of the sixth period and the fragmentary 
beginning of the seventh period contain 7 elements of known 
atomic weight from lead to uranium, but the whole space is 
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crowded with some 40 transient radio-elements^ four of these 
occupying well-defined places at the beginning of the seventh 
period ; others are clustered together in small swarms of iso- 
topic elements having similar chemical properties and atomic 
weights which differ by a few units. Isotopes of lighter 
elements, some of which are unstable and therefore radioactive, 
can be prepared by bombarding suitable elements with neutrons, 
protons, helium nuclei, etc. 

C. Applications of the Periodic Law. 

The periodic law was illustrated by L. Meyer (1869) in refer- 
ence to the valency and the atomic volumes of the elements ; 
the former property justifies the classification into octaves or 
short periods^ the latter property proves the existence of six 
main periods and one fragment. Dowar (1913) has shown 
that the atomic heats at low temperatures exhibit the same 
periodic variations as the atomic volumes. Other periodic 
properties are 7 neltiny;-point^ compressibility^ heat of forfnation 
of oxides and chlorides^ etc. 

The periodic system has been used to correct certain atomic 
weights, in which there was doubt as to the equivalent, as in the 
case of gold^ or the valency, as in the cases of beryllium^ indium 
and uranium; but the atomic weights of argon and potassium, 
cobalt and nickel, tellurium and iodine do not conform to the 
order suggested by the periodic classification. Mcndeleeff also 
predicted the existence and properties of missing elements, of 
which three were discovered shortly after : 

Eka-boron Eka-almninium Eka-silicon 

— Scandium, 44*1 =Gallium, 69*9 =Germanium, 72*5 

(Nilson, 1879) (Lecoq de Boisbaudran, 1875) (Winkler, 1886) 

His predictions in the range covered by the rare-earth elements 
were incorrect, but his eka-manganese = 100 and tri-manyanese 
= 190 have been identified by X-ray analysis and described as 
masurium and rhenium, 

D. Atomic Weights and Atomic Numbers. 

Prout, in 1815-1816, suggested that the atomic weights of the 
elements were integral multiples of the atomic weight of hydro- 
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gen. ‘‘ Front’s hypothesis ” was not confirmed by experiment, 
but Strutt showed in 1901 that the tendency of the atomic 
weights to approximate to whole numbers was 1000 times 
greater than could be accounted for by the law of probability. 

Newlands, in 1864, attached to the elements a series of 
consecutive atomic numbers, and thereby discovered the law 
of octaves. In this arrangement hydrogen was i and gold was 
49, but in 1878 a more open system was used, in which gold 
was 86. Moseley in 1913-1914 showed that a series of integral 
atomic numbers, in which gold was 79 when aluminium was 
taken as 13, could be deduced from the high-frequency spectra 
emitted by different elements when used as targets in an X-ray 
bulb. The atomic number for nickel was found to be one unit 
greater than for cobalt, in spite of its smaller atomic weight, thus 
justifying Mendeleeffs view that nickel should be placed 
between cobalt and copper ; in the same way the atomic 
numbers for chlorine and for potassium were found to be 
separated by two units, leaving a place between them for 
argon, the atomic weight of which is greater than that of 
potassium. The four gaps in Moseley’s list between aluminium 
(13) and gold (79) have been filled by observations of the X-ray 
spectra of the missing elements 43, 61, 72, and 75 (p. 492) ; and 
in the cases of hafnium (j2) and of rhenium (75) compounds of 
the element have been isolated in a pure state and the atomic 
weight of the element has been determined. Of the five gaps 
in the radioactive region from lead (82) to uranium (92), three 
are filled by the radio-elements (84) actiniiun (89) and 
protactinium (91) ; but the halogen and alkali-metal 85 and 
87, are still missing. 

Aston, from 1920, showed by means of the mass-spectrograph 
that many elements are mixtures of isotopes with integral 
atomic weights, e.g.^ ^®Cl and ^^Cl. Other isotopes have been 
detected by spectroscopic methods and a heavy isotope of 
hydrogen has been separated by the electrolysis of water. 


K K 



CHAPTER XIX 


BALANCKD ACTIONS 

Mayow (1674) on the displacement of nitric acid by 
oil of vitriol. — Like many otlier important theories, the idea 
of reversible or balanced actions had its origin in the study of 
acids, bases, and salts. Mayow (A.C.R. XVII, i6i ; quoted 
on p. 22) cited the fact that, when oil of vitriol was added 
to nitre, the nitric acid could be distilled out under a heat 
no greater than is re(iuired for the rectification of tlie free 
acid. This easy distillation was explained by suj)posing 
that the nitric acid had been ‘‘ expelled from the society of 
the [alkalij by the more fixed vitriolic acid.’' 

Similarly, it was recorded that the volatile alkali could 
be displaced from any of its salts by the fixed alkalis, the 
reason being given “ that the acid ... is capable of entering 
into closer union with any fixed salt than it is with a volatile 
salt.” 

Baume (1760) on the decomposition of vitriolated tartar 
by nitric acid. — Whilst nitric acid is expelled from nitre by 
sulphuric acid with the aid of gentle heat, the opposite 
change may take place when the mixture is kept cold. This 
fact was discovered in 1760 by Baume, who described the 
action as follows : 

I took four gros of vitriolated tartar,^ reduced to a fine 
powder, I mixed it with three gros of very pure fuming 
spirit of nitre ; ... the mixture became pasty, I diluted it 
^ Potassium sulphate. 

498 
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with a sufficient quantity of water to dissolve the saline 
mass, and I set the liquid to crystallise : the salt which I 
obtained proved to be very pure nitre, crystallised partly in 
needles and partly in small cubic crystals ; I set it to drain 
on grey paper . . . ; the nitre thus drained, showed just the 
same phenomena as nitre prepared by the combination of 
nitric acid with fixed alkali'’^ {Mem. Math. Phys.^ i 774 j 
VI. 231-236; paper read before the Paris Academy of 
Sciences, Dec. 23, 1760). 

Thus under one set of conditions, sulphuric acid may 
expel nitric acid from its salts, but under other conditions 
nitric acid expels sulphuric acid. 

Reversible actions.— This reversal of the action may be 
shown by writing two equations, thus : 

Glauber found that : 

2KNO3 + H2SO4 K2SO4 + 2HNO3 

Ni.r. '-'P'-- gave + nitric acid 

Baumt found that ; 


K2SO, 

PoL'issium 

sulphate 


+ 2HNO3 

-t- nitric acid 


2KNO3 

nitre 


+ H2SO4 

, sulphuric 
acid 


These two equations may then be combined into a single 
equation in wliich arrows pointing in opposite directions 
show the direction taken by the action under different 
conditions, thus : 

Hot 

2KNO3 + H2SO4 ^ K2SO4 + 2HNO3 

Cold 


Bergman’s tables of affinity (1776). — Mayow’s idea that 
a “ closer union ” existed between fixed than between volatile 
acids and alkalis was extended to series of acids and bases 
in the “ tables of affinity ” drawn up by Geoffroy in 1718, by 
Stahl in 1720, and finally by Bergman in 1775 (A Disserta- 
tion on Elective Attractions^ tr. T. Beddoes, London, 1785). 
In these tables one acid or base was selected and the 
different bases or acids were arranged under it in the order 
^ Potassium carbonate. 


K K 2 
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of their decreasing affinity. But Bergman was obliged to 
recognise that the order of affinity was not quite constant, 
and in particular that different results were often obtained 
when the affinities were compared : (i) in the dry way, by 
heating the substances together (as Glauber had done) and 
discovering which combination remained fixed in the product 
and ( 2 ) in the moist way, by mixing the substances in solu- 
tion (as Baume had done) and finding which base secured 
possession of the acid. 

Whilst, therefore, there was a fixed order of affinity of 
acids for bases and vice versa^ this order might be altered 
considerably by changing the conditions of the experi- 
ment. 

Thus, in the case of sulphuric acid (using modern names) 
the affinities of the different bases were as follows ; 


Sulphuric Acid 


In the Moist Way 
Baryta 
Potash 
Soda 
Lime 
Magnesia 
Ammonia 
Alumina 
Metallic calces 


In ihi Dry Way 
Potash 
Soda 
Baryta 
Lime 
Magnesia 
Metallic calces 
Ammonia 
Alumina 


From this table it is seen that ammonia, added “ in the 
moist way ” to a solution of a metallic salt, precipitates the 
calx of the metal and secures possession of the acid with 
which it was combined. On the other hand, when a 
metallic calx is heated with an ammonium salt “in the dry 
Way/’ the volatile alkali is expelled, whilst the acid remains 
behind in combination with the calx. 

This reversal of the action can again be shown by writing 
two equation5; thus : 
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In the moist way : 


2NH3 + PbClg + 21120 2NH4CI + 

+ cTorilie + ^ + 


Pb(0H)2 

lead 

hydroxide 


In the dry 7 vay : 


2 NH^C 1 + Pb( 0 H )2 2NHj + PbCl.^ + 2H2O 

Ammonium , lead - . , lead , 

chloride hydroxide Sives ammonia + + wale. 


Combining these equations, we may write : 

Moist 

2NM3 + PbCl, 4 2H.p =:t: 2 NH,C 1 + PKOH)^. 

Dry 


Berthollet (1799) investigates the laws of chemical 
affinity. — Bergman had recognised the influence of tem- 
perature on the order of affinity, and had shown that this 
order was altered considerably when substances were ignited 
together instead of being merely mixed in solution or 
in presence of water. To Berthollet belongs the credit 
of directing attention to the influence on chemical action 
of the quantities of the interacting substances, an influence 
which is now described as mass-action. 

In his Researches into the Laws of Chemical Affinity 
(read in Cairo in 1799; published 1801; tr. M. Farrell, 
London, 1804) he criticises Bergman’s method in the 
following terms : 

“ He prescribes then, for determining the elective affinity 
of two substances, to try if one of them can remove the 
other from its combination with a third, and vice versa. He 
takes it for granted, that that body which has removed 
another from its combination, cannot, in like manner, be 
expelled by that other, and that both experiments will 
concur to prove that the first has a greater elective affinity 
than the second. He adds at the same time, that it may be 
necessary to employ six times as much of the decomposing 
substance as would be necessary to saturate immediately 
the substance with which it tends to combine.” 

“ The doctrine of Bergman is founded entirely on the 
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supposition that elective affinity is an invariable force, and 
of such a nature that a body which expels another from its 
combination, cannot possibly be separated from the same 
by the body which it eliminated ” (loc. cit. pp. 3-4). 

‘‘ It is my purpose to prove in the following sheets, that 
elective affinity, in general, does not act as a determinate 
force, by which one body separates completely another from 
a combination ; but that, in all the compositions and 
decompositions produced by elective affinity, there takes 
place a partition of the base, or subject of the combination, 
between the two bodies whose actions are opposed ; and 
that the proportions of this partition are determined, not 
solely by the difference of energy in the affinities, but also 
by the difference of the quantities of the bodies ; so that an 
excess of quantity of the body whose affinity is the weaker, 
compensates for the weakness of affinity ’’ {Joe. cit. pp. 4-5). 

I shall prove . . . that, in opposing the body A to the 
combination BC, the combination AC can never take place ; 
but that the body C will be divided between the bodies A 
and B, proportionally to the affinity and quantity of each ’’ 
(loc. cit. p. 6). 

Berthollet illustrates the law of mass-action. — Several 
examples, of which two may be quoted, are given of the 
influence of mass in compensating for weakness of 
affinity. 

“ I have kept an equal quantity of potash, and of sulphate 
of barytes, in a small quantity of boiling water. The potash 
had been prepared by alcohol,^ and contained no carbonic 
acid . . . The operation was performed in a retort, and . . . 
was continued until the mixture was desiccated : the residue 
was washed with alcohol, which dissolved the potash, and 
after that with water, which also produced an alkaline 
solution, the alkali of which I saturated with acetic acid ; 
after which, by evaporation, the solutions yielded crystals 
possessing all the characters and qualities of the sulphate of 
potash. Whence it appears that the sulphate of barytes was 

^ This dissolves caustic potash, but leaves the carbonate, sulphate, 
&c., undissolved. 
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partially decomposed by the potash, and that the sulphuric 
acid was divided between the two bases ” (pp. 8-9). 

“ Equal weights of potash and of carbonate of lime, finely 
pulverised, were boiled in a small quantity of water, which, 
after being filtered and rendered transparent, effervesced 
strongly with acids ; and the residue, after evaporation, 
having been treated with alcohol, in order to dissolve the 
alkali, furnished a substance that had all the qualities or 
characters of the carbonate of potash’' (pp. lo-ii). 

Balanced actions. — All the cases quoted by Berth ollet 
are examples of balanced actions, i,e. reversible actions in 
which chemical change proceeds in both directions at the same 
time and under the same conditions. Such actions may be 
represented by equations in which the opposing actions are 
.shown by two arrows, but without any signs to suggest that 
different conditions are required to produce reversal. The 
cases quoted above are shown thus : 

Ra(OH).^+ K2S04= 2KOH + BaS04.i 
Ca(OH)2 + 2KOH + CaCOg. 

In the first case, it had been supposed that baryta and 
potassium sulphate interacted to form caustic potash and 
barium sulphate by an interaction that was non-reverslble 
and complete. Berthollct .showed that the action could be 
reversed, and was, in fact, incomplete, the acid being shared 
to some extent between the two bases. In the second case 
it had been supposed that carbonate of potash was deprived 
of all its carbonic acid and rendered completely caustic by 
the action of lime ; Berthollct proved that the converse 
change could be brought about, and that the action was 

balanced ” and incomplete. He concludes : 

“It is evident, from the preceding experiments, that the 
bases which are supposed to form the strongest combinations 
with the acids, may be separated from them by others, whose 
affinities are supposed to be weaker, and that the acid 

' It is probable that carbonic anhydride was absorbed from the air, and 
that the balanced action was really BaCOs + K2SO4 ^ KjCOa BaSO^. 
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divides itself between the two bases. It also appears, that 
acids may be partially separated from their bases by other 
acids, whose affinities were supposed to be weaker ; in 
which case, the base is divided between the two acids ” 
(loL\ cit. p. 1 1). 

Mass-action. — Berthollet^s method for detecting the 
reversed action in the cases quoted above depended on 
using a solution of potash which was concentrated by 
evaporating finally to dryness. In this way the action of 
mass, which was the chief subject of his research, was 
made use of to the fullest extent. On this point he writes : 

“ If but a small quantity of the decomposing substance be 
employed, the effect will not be perceptible ; but if, on the 
contrary, a large quantity be employed, as for instance, if 
I had treated the sulphate of barytes successively with 
additional quantities of potash, and removed, by repeated 
washing, the disengaged barytes, I should have ultimately 
decomposed the sulphate of barytes almost entirely.^ The 
greater then the relative quantity of the decomposing 
substance, the greater will be the effect produced ’’ ijoc. cit. 
p. 12). 

Effect of precipitation on balanced actions. — In consider- 
ing balanced actions in solution, Berthollet recognised that the 
action of mass was seriously limited in the case of insoluble 
substances, since “ If an insoluble substance be opposed to 
a combination, it is evident that only a very small quantity 
of it can act ” (loc. cit. p. 32). This is expressed in modern 
terms by saying that the “ active mass ” of a solid is constant, 
no further increase of activity being produced by increas- 
ing the quantity of solid beyond the point at which it 
suffices to saturate the liquid. 

When one acid is being competed for by two bases or 
one base by two acids, the result is influenced mainly by 
the relative strengths of the competing bases or of the com- 
peting acids. But when two acids are present in sufficient 
^ In order to do this, carbonate of potash must be used. 
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quantity to neutralise the whole of two bases, or conversely, 
the competition is less keen, and the course of the action 
is determined mainly by the order in which the salts are 
precipitated from solution. In their aqueous solutions, 
all neutral salts are almost equally strong or equally stable ; 
moreover, unlike the neutralisation of an acid by an alkali, 
no marked liberation of heat occurs when two soluble salts 
are formed by “double decomposition ’’ from two others 
(Hess’s “Law of Thermoneutrality,” de Chim.^ 1842, 

[iii], 4, 222). The nature of the salts that separate on 
evaporating the solution is therefore determined more by 
their relative solubilities than by any factor depending on 
chemical affinity. 

Berthollet’s experiments (1804) on the interaction of 
neutral salts. — In his Essay on Chemical Statics (1803 ; 
tr. B. Lambert, 1804), Berthollet made a very careful study of 
the balanced interactions of pairs of neutral salts. Amongst 
other cases he studied the following : 

(a) 0)16 of the four salts is almost msoluble in %vater . — In 
this case it is precipitated almost completely when the 
alternative pair of soluble salts is mixed. 

“ If sulphate of potash and nitrate of lime are mixed, in 
any proportions, the sulphate of lime which is formed 
separates by the excess of its insolubility compared with 
that of nitrate of potash ” {Chemical Statics^ 1 . 70) ; 

K2SO4 4 - Ca(N03)^ — CaSO, 4 - 2KNO3. 

(precipitated) 

Barium sulphate, which is even less soluble than calcium 
sulphate, is precipitated so completely that it can be filtered 
off and weighed in order to estimate either the amount of 
barium or the quantity of sulphates present in a solution : 

K2SO44- Ba(N03)^ BaS 0 ^ 4 ' 2KNO3. 

insoluble 

(b) 2 \vo salts are almost equally sparingly soluble, — If 
these two salts are on opposite sides of the equation, either 
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may crystallise out first according to the composition of the 
solution. 

“ A mixture of nitrate of potash and muriate of lime 
yields also a result, in which the influence of the proportions 
is still more marked, because the two least soluble salts 
which can be formed, the nitrate of potash and the muriate 
of potash, differ but little in this property : cither of these 
salts may also be obtained at the first crystallisation by a 
little variation in the proportions of the nitrate of potash 
and muriate of lime’^ {Chemical Statics^ I. 70-71) : 

2KNO3 + CaCl^ ~ 2KCI + 

If potassium nitrate is in excess, the potash will crystallise 
out as nitrate, but an excess of calcium chloride will displace 
the equilibrium towards the right-hand side of the equation 
and cause the potash to separate as chloride. 

(c) Oae sail is least soluble m the coldy but another in the hot, 
solution. 

“The solubility of salts varies by a difference of temper- 
ature ; but this does not follow the same progression in all 
of them. In some it acquires a considerable augmentation 
by an elevation of heat ; in others it remains nearly the same. 
This condition, which determines the separation of salts, 
may therefore produce different effects according to the 
thermometric state ; hence it happens, that salts whose 
solubility is nearly equal at one degree of heat, may, never- 
theless, be easily separated, by producing a great change in 
the temperature, and, by making the effect of the propor- 
tions, and that of the difference of solubility, predominate 
alternately.” 

“Nitrate of potash and muriate of soda furnish us with 
a striking example of this effect. Near the freezing-point, 
nitrate of potash has much less solubility than muriate of 
soda ; but it is considerably increased by heat, and that of 
muriate of soda very little ; so that the solubility of the latter, 
which was only about half that of the nitrate of potash, 
comes to a degree at which it is equal, and finally at the 
boiling point becomes nearly eight times less. By boiling 
the mixture, therefore, the muriate of soda is made to 
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crystallise at a high temperature, and then, by cooling, the 
nitrate of potash, is crystallised : the proportion of each salt is 
diminished alternately, and by repeated crystallisations they 
are both entirely separated” {Chemica/ Statics^ I. 71-72). 

Here the action 

NaNOs + KC1::=^KN03 + NaCl 

can be brought to completion in the direction of the upper 
arrow by crystallising out, alternately, nitrate of jiotash at 
the freezing-point and common salt at the boiling-point. If 
the common salt were allowed to accumulate, it would, by 
the law of mass-action, check the formation of potassium 
nitrate from sodium nitrate and potassium chloride, with 
the result that one of these salts (potassium chloride) 
might crystallise out and carry the action backwards in 
the direction of the lower arrow. 

An action of this kind actually occurs when a solution 
containing sulphate of potash and nitrate of soda is 
evaporated. The sulphate of potash, which is the least 
soluble of the four salts, 

2NaN03+ K2S04::=^2KN03 + Na2S04, 

crystallises first. 

“ But wdien the proportion of the first shall be diminished 
by the crystallisation, nitrate of potash will also be obtained, 
because the water remaining at this period is incapable of 
holding in solution the quantity of this salt which may be 
formed, and because the sulphate of potash, on its part, is 
rendered more soluble by the action of the other salt : this 
result might have been obtained from the commencement 
of the crystallisation by augmenting the proportion of nitrate 
of soda” {Chc 7 nical Statics^ I. 70). 

Action of acids on insoluble salts. — When a strong acid 
acts on an insoluble salt of a weak acid, the insolubility of 
the salt greatly assists the weaker acid in its effort to retain 
possession of the base. 

“In fkct, if oxalic acid is added to a salt with base of 
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lime, a precipitate of oxalate of lime is obtained, much less 
abundant than if a solution of a neutral oxalate had been 
used, because the action of the acid allows only part of the 
oxalate of lime to be formed, but with an oxalate this 
obstacle would not have existed [Chemical Statics^ 1 . 67). 

Here the action 

H,CP4 + (:aCl2:=^CaC,04 + 2 HCI 

(insoluble) 

is reversible, since the insolubility of its calcium salt enables 
the oxalic acid to rob the stronger muriatic acid of part of 
its lime. 

Interesting cases of the same sort are found amongst the 
sulphides, e.g. : 

CUSO4 + H2S ^ CuS -f H2SO4 

(precipitate) 

ZnSO^ + H^S ZnS + H.SO^. 

(dissolves) 

In the former case the insolubility of the sulphide causes it 
to be precipitated, in opposition to the tendency, which is 
dominant in the latter case, for the stronger acid to secure 
possession of the base. 

Influence of vaporisation on balanced actions. — In 

reference to the influence of gases on balanced actions, 
Berthollet writes : 

“ When a substance assumes the state of gas, on scj)arating 
from an intimate combination, it becomes elastic, and can 
oppose no further resistance to the decomposing action : 
whence it appears that substances of this nature do not 
act by their mass. The decomposing substance can then 
effect a complete decomposition ; and it will suffee to 
employ just as much of it as would have been necessary to 
form the same combination immediately, or at least a very 
trifling excess.” 

“ Thus carbonic acid may be disengaged from its combina- 
tion by another substance, whose affinity for the base of the 
carbonate might be less ; because that other substance can 
act by its mass, and can therefore overcome the affinity of 
the carbonic acid, by acting successively : but to expel the 
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entire of the carbonic acid, the decomposing substance must 
be used in quantity somewhat greater than that necessary to 
produce saturation. ’’ 

“ If concentrated sulphuric acid be poured on desiccated 
muriate of soda, the affinity of the muriatic acid is diminished ; 
and that acid assumes the gaseous state in consequence, 
and acts no longer by its mass : but if an aqueous solution 
of muriate of soda be emplo^^ed, or a diluted acid, whether 
the sulphuric, or any other, then the muriatic acid may be 
retained in the water ; in which case it can act by its mass 
{Chei 7 iical Ajjinity^ pp. 46-48). 

Berthollet shows that a weak fixed acid may displace 
a stronger volatile acid. — “ It is to this effect of elasticity 
that the decompositions produced by the most fixed acids 
. . . are to be attributed . . . ; it is thus that sulphuric 
acid, by means of heat, decomposes the muriates and the 
nitrates with a fixed base.’^ 

“ I distilled a mixture of oxalic acid and muriate of soda, 
and the liquor which passed over contained much muriatic 
acid {Chemical Statics^ I. 1 92-193). 

In the latter case the weak oxalic acid displaced the 
strong muriatic acid because of its greater fixedness : 

H2Q()4+ 2NaCl ^ NagCp, + 2HCI. 

(weak (strong 

fixed at id) volatile acid) 

Again, phosphoric acid is a very weak acid, since nearly 
all its salts are decomposed by acetic acid even though 
insoluble in water; but sulphuric acid, which “expels 
entirely the muriatic and nitric acids from their combina- 
tions, with the assistance of a sufficient degree of heat . . . 
is itself expelled from its combinations by phosphoric acid, 
independently of affinities” (Chemical Affinity^ p. 54). 

“Therefore when, by the aid of heat, one body has 
separated another from its combination, it must not be 
inferred that its affinity is greater at- an ordinary tempera- 
ture” (Chemical Affinity^ p. 55). 

In fact, if mere fixedness were the real test of affinity, 
ordinary sand must be regarded as one of the strongest 
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acids, since in the manufacture of glass it expels the acid 
from sodium sulphate and converts it into a glassy silicate. 

Balanced actions in gasfes. — Whilst a balanced action in 
a liquid is often disturbed by the vaporisation of one of the 
products, this action may be checked by increasing the 
pressure (and thereby the “active mass”) of the gas 
{Cheifiical Statics^ I. i88). 

An interesting example of a balanced action in which 
the gas-concentrations are of dominant importance is shown 
by the equation 

FcjO^ + 4H2 — + 4H2O, 

The solid iron and its solid oxide have a constant activity, 
but the action can be influenced strongly by varying the 
proportions of hydrogen and steam. The strong tendency 
for the hydrogen to reduce the oxide is shown by the upper 
arrow; but when, as in Lavoisier’s experiment (Ch. VII, 
p. 118), large quantities of steam are passed over the solid the 
slight back-action shown by the lower broken arrow becomes 
important, and condensation of the steam immediately 
reveals the small quantities of hydrogen that have been 
produced. 


Summary and Supplement. 

Mayow, in 1674, noted that nitric acid could be expelled 
from nitre by oil of vitriol and suggested that this was due to 
the fact that oil of vitriol was “ more concordant ” with the 
alkali than nitric acid. 

Baume, in 1760, showed that this action could be leversed 
and that nitre could be precipitated by adding nitric acid to 
vitriolated tartar (potassium sulphate). The reversal of the 
action is shown in the equation 

Hot 

2 KN 03 -f H 2 S 04 :;=r K2SO4 + 2HNO3 
Cold 

Bergman (1775)? following GeofFroy (1718) and Stahl (1720), 
drew up tables of “ Elective Attractions,” showing the order of 
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affinity of a series of different acids for a given base and 
conversely. He distinguished between the relative attractions 
^‘in the moist way,” z>. in solution and “in the dry way,” z>. 
by ignition, llius, we have : 

In the moist way : 

2NH3+PbCl2 + 2H20 2NH4Cl + Pb(OH)2. 

hi the dry way : 

2NH4Cl-fPb(OH)2-> 2NH3+PbCl2-f- 2H2O. 

Berthollet, in his “ Researches into the Laws of Chemical 
Affinity” (1801), and in his “ Chemical Statics” (1803), recognised 
the influence of mass-actio 7 t" and suggested that “Every 
substance which has a tendency to enter into combination, 
acts in the ratio of its affinity and of its quantity! A weak 
acid in large quantities may therefore compete with a stronger 
acid in smaller quantities. The action of the weak acid “ in the 
wet way ” is greatly helped if it forms an insoluble salt, ; 

H 2 C 204 + 2CaCl2 zir CaC 204 + 2HCl. 

(insoluble) 

or “ in the dry way ” if it is less volatile than the stronger 
acid, e,g, : 

H2C2O4+ 2NaCl Na2C204-f 2HCI. 

(volatile) 

The influence of mass is seen best, however, in the balanced 
actions between pairs of neutral salts : these differ so little in 
stability that the interaction is controlled almost entirely by 
mass-action and solubility. The following cases may be noticed : 

{a) K2SO4 + Ca(N 03)2 C£tS04 + 2 K N O3, 

CaS04 is almost insoluble and is always precipitated first. 

[b) K2S04 + 2NaN03 Na2S04 + 2KN03 

K2SO4 separates first on evaporation, but as NaN03 accumu- 
lates in the solution the action passes from left to right and 
KNOg crystallises. 

(c) 2KC1+ Ca(N03)2 2KNO3+ CaCl2 

KCl or KNO3 may crystallise according to the proportions in 
which the salts are mixed. 

{d) NaNOg + KCl KNO3 T NaCl. 
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At KNO3 is least soluble, at 100"’ NaCl ; the action may 
be driven across completely from Z to ^ by crystallising out 
these salts alternately at 0° and at 100° 

In quantitative analysis these balanced actions are used to 
secure complete precipitation of Ag or Cl as AgCl, Ba or SO4 
as BaSO^j, &c. 

In qualitative analysis the balance of actions between 
neutral salts may be used to secure a broad separation of those 
metals which form 

(1) Insoluble chlorides: Ag', Pb", Hg' 

(2) Insoluble sulphides : 

{a) Cu", Pb", Hg", Bi" (r) [Fe'"], [Cr'"l, [Al"'] 

{b) Sn", Sn"" Sb'", As'" {d) 7 a\\ Mn", Ni", Co". 

(3) Insoluble carbonates : (a) Ca", Sr", Ba" {b) Mg" 

(4) Insoluble platini chlorides : K', NH/. 

In class (i), since hydrochloric acid is one of the strongest 
acids, it may be used instead of a neutral chloride ; thus in the 
action 

Ag N O3 + 1 1 Cl AgCl + H N Q.,, 

the nitric acid formed as a second product is not strong enough 
to redissolve the insoluble chloride or to prevent its precipitation. 
In class (2), however, the use of sulphuretted hydrogen in place 
of a neutral sulphide tends to liberate a strong acid ; this 
prevents the separation of the insoluble sulphides of the metals 
izc) and (2^), but those of the metals iya) and iyb) are 
precipitated even in presence of much acid, thus : 

CUSO4+H2S ^ CuS-f H2SO4 

(precipitated) 

ZnS 04 + H2S ZnS + H 2 S 04 . 

(dissolves) 

The further separation of the metals {2d) and {2b') depends 
on the fact that the latter dissolve in alkaline sulphides to form 
soluble sulpho-salts, such as Na3AsS4, Na3SbS4, &c. The 
separation of the metals {2c) and {2d) depends on the fact that 
the tervalent hydroxides, Fe(OH)3, Cr(OH)3, Al(OH)3, are ex- 
tremely weak bases, which do not form carbonates or sulphides, 
and are therefore precipitated in the free state when soluble 
carbonates or sulphides are added ; in qualitative analysis they 
are separated by the addition of a mixture of ammonia and 
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ammonium chloride which is not strong enough to precipitate 
the bivalent hydroxides of the metals (2^, thus : 

AICI3 + 3NH4OII A1(0H)3 + 3NH4C1 

(precipitated) 

but ZnClj + aNH^OH «- Zn(OH)2 + 2Nll4Cl. 

(dissolves) 

In class (3) a similar method is used to separate magnesium 
from calcium, strontium, and barium. Like chalk and barium 
carbonate, magnesium carbonate is insoluble in water ; it is, 
however, soluble in presence of ammonium salts, thus : 

MgCl2 + 2 Na 2 C 03 MgC 03 + 2NaCl 

(precipitated) ^ 

but MgCl2 + 2(NH4XC03 MgC03 + 2NH4Cl. 

(dissolves) 

In the former case, the tendency of the strong acid (HCl) to 
combine with the stronger base (NaOH) drives the action in the 
direction L to 7v\ already indicated by the insolubility of 
magnesium carbonate. In the latter case the magnesia is the 
stronger base and the action from A? to A is assisted further (i) 
by the mass-action of an excess of ammonium chloride and (ii) 
by the tendency of this substance to unite with magnesium salts 
to form compounds, such as MgCl2, NH4C1,6H20, and thereby 
to weaken the mass-action of the magnesium salt. 

^ Usually as a basic salt. 
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CHAPTER XX 
Dissociation 

A. Dissociation and Association 

St. Claire Deville (1857) on dissociation. — The name 
dissociation was introduced in 185 7 byH. St. Claire Deville ^ 
{Comptes rendus, 1857, 45 , 857) to describe the “spontane- 
ous decomposition’^ of substances by heat, without the 
intervention of chemical agencies. This definition (which 
would include thermal decompositions such as the “ coking ” 
of coal and the “charring” of sugar) was afterwards limited 
{Comptes rendus^ 1863, 56, 730) so as to include only 
cases “ in which the decomposition takes place partially, 
and at a temperature inferior to that which corresponds to 
the absolute destruction of the compound,” i,e, to cases of 
REVERSIBLE DECOMPOSITION, in whicli thcproducts recombine 
when the decomposing forces are removed. These reversible 
decompositions are very difficult to detect because, after 
heating and cooling, the original substance reappears un- 
altered, bearing no trace of the changes which it has under- 
gone. 

^ St. Claire Deville’s experiments were summarised in his Lessons on 
Dissociation delivered to the Paris Academy of Sciences in 1864. 
These were published as a pamphlet, which includes (almost verbatim) 
the Comptes rendus papers of 1864 and 1865, together with the 
diagrams, which were not reproduced in the Comptes rendus. 

514 
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Grove's experiments on the dissociation of water 
(1847). — This difficulty was first overcome by Grove, who 
showed in 1847 (Bakerian Lecture, PhiL Trans. ^ 1847, 137, 
1-1 6) that the combination of hydrogen and oxygen to form 
water was partially reversed at high temperatures, e.g. by heat- 
ing a platinum wire in steam by an electric current, by pass- 
ing sparks through steam between platinum points, and by 
plunging the fused end of a platinum wire under cold water. 
Under these conditions bubbles of gas were produced, 
which could be collected and detonated. 

In these experiments a small quantity of steam is decom- 
posed into its elements as shown by the equation 
2 H 2 O 2H2 4-02. 

As recombination is checked by dilution with a large 
volume of steam, the mixed gases can be cooled to 100° 
without recombining ; below this temperature the mixture 
is quite stable, even when the steam is condensed, but 
detonates in the ordinary w^ay when ignited. The maximum 
amount of gas collected was about volume of 

the steam. 

The dissociation of water may be represented by the 
scheme 

2H2O — 2H2 + O2, 

in which the main course of the action is represented by a 
full arrow, and the slight reversal by a dotted arrow. 

Deville’s experiments on the dissociation of water (1863) 
and of carbonic anhydride. — Grove’s experiment was 
repeated on a larger scale in 1863 by Deville {Compies 
rendus., 1863, 56, 322), who poured i to 2 kilogrammes of 
fused platinum into water and so secured an abundant 
liberation of explosive gas. 

Deville also proved the dissociation of water by passing a 
stream of carbonic anhydride, saturated with water-vapour 
at 90*" to 95“ C., through a porcelain tube packed with pieces 

L L 2 
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of broken porcelain and heated to 1300° C. On absorbing 
the carbonic anhydride by potash a continuous supply of 
detonating gas was obtained; at the end of two hours, 25 
to 30 cubic centimetres had been collected {loc, cit. p. 323). 

Dissociation of carbonic anhydride. — When dry carbonic 
anhydride was passed through the same apparatus, an 
explosive mixture of carbonic oxide and oxygen was 
collected at the rate of 20 to 30 cubic centimetres per hour. 
The combustion of carbonic oxide is therefore a reversible 
process as shown by the dotted arrow in the equation : 

2CO + 0,::::^2CO,. 

Deville’s hot-cold tube (1864). — In most cases of 
dissociation the extent of the decomposition increases very 
rapidly with the temperature. If a substance be strongly 
heated and then suddenly chilled it is sometimes possible to 
fix the products of dissociation in the larger proportions in 
which they exist at higher temperatures ; on the other 
hand, if the cooling is gradual they recombine and are only 
retained in the small proportions which are natural at the 
lower temperature at which recombination ceases. Deville 
secured this strong heating and rapid cooling in his “ hot- 
cold ” tube shown in Fig. 55 {Lessons on Dissociation^ p. 64). 
I'he outer tube of porcelain was heated to whiteness ; the 
inner tube of brass was cooled by a current of water. With 
this apparatus he demonstrated the decomposition of car- 
bonic oxide, of sulphurous anhydride, and of hydrogen 
chloride : 

2CO +CO, 

3SO2 ^ S + 2SO3 
2HC1:^ CI 2 + H 2 . 

In the first case, carbon was deposited on the cold tube 
and carbonic anhydride carried forward {Comptes rendus^ 
1864, 69 , 875); in the second case, sulphide and sulphuric 
anhydride were both deposited ; in the third case, chlorides 
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of silver and mercury were formed on a cold tube of 
amalgamated silver and several cubic centimetres of 
hydrogen were carried forward {^Comptes rendus^ 1^65, 60 , 
3i7;325^- 

Similar changes were produced by sparking. Sulphurous 
anhydride was condensed completely, SOg S + 2SO3, by 
sparking over sulphuric acid, which absorbed the sulphuric 
anhydride as fast as it was formed. A mixture of sulphurous 
anhydride with oxygen was absorbed still more readily : 

2S0, + 0, -> 2 SO 3 . 



Fi<J. 55.~Devili.e’5; “hot-cold” tuue. 

PP is a hot tube of porcelain. LL is a brass tube cooled with water. The gas to be 
decomposed passes in at T and out at T'. 


Hydrogen chloride, which had been shown by Davy fifty 
years previou.sly (Ch. XI, p. 224) to give calomel and one- 
half its volume of hydrogen when sparked over mercruy, 
was brought into the category of dissociable substances by 
Deville, who confirmed Davy’s earlier observation. 

Dissociation of ammonia. — In the course of these experi- 
ments Deville discovered that the decomposition of ammonia 
into nitrogen and hydrogen by sparking as used by Berthollet 
to establish its composition (p. 262) was a reversible change. 
By using an acid to absorb the ammonia as fast as it was 
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formed, Deville was able to recombine the gases completely. 
Deville wrote : 

“ If ammonia gas is sparked during several hours, until 
its volume appears to be exactly doubled, no sensible 
absorption is observed on introducing drops of water ^ 
into the eudiometer : the decomposition appears to be 
complete. But if, instead, one passes in some bubbles 
of gaseous hydrochloric acid, a slight cloud obviously 
obscures the mixture of nitrogen and hydrogen into which 
the ammonia has been transformed. This transformation 
is then not absolute. This affords an easy explanation of 
the following experiment. After having decomposed one 
volume of ammonia as perfectly as possible by sparking, 
giving two volumes of a mixture of nitrogen and hydrogen, 
one volume of gaseous hydrochloric acid is introduced into 
the eudiometer and the sparking is renewed during 8 to lo 
hours. At the end *of this time the upper part of the 
apparatus is covered with a layer of sal-ammoniac and the 
mercury has risen to the platinum wires ” ( Coniptes rendus, 
1865, 60 , 324). 

The decomposition and recomposition of ammonia may 
be represented by the equations : 

2NH8— N2 + 3H2. N2 + 3H,-f 2 HC 1 -> 2NH4CI. 

The recombination is now usually demonstrated by 
sparking over sulphuric acid, a method already used by 
Deville in combining sulphur dioxide with oxygen. 

Bineau ( 1838 ) investigates the vapour-densities of ammo- 
nium and phosphonium salts. — During the half-century which 
followed the enunciation of Avogadro’s hypothesis, great 
difficulty was experienced in accepting his view that equal 
numbers of molecules, under similar physical conditions, always 
occupied equal volumes. One difficulty arose from the fact 
that one ‘‘ equivalent ^occupied a different volume in different 
gases. Thus if i volume of oxygen was required to convert 
a given weight of potassium into ns oxide, the quantities of 


^ In Lessons on Disscciaiion, “concentrated sulphuric acid” is used. 
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gas required to convert the same weight of potassium into 
chloride were 

2 volumes of chlorine gas, 

4 volumes of hydrogen chloride gas, 
and 8 volumes of sal-ammoniac. 

The first three observations can be explained by 
Avogadro’s hypothesis as expressed by the equations ; 

4K + 0.; ( I voL ) = 2 K 

4K -f* 2Cb (2 vo/s.) = 4KCI 
4K -f 4HCI (4 vo/s.) = 4KCI + 2H2. 

Hut the case of sal-ammoniac is quite anomalous, since 
Avogadro’s hypothesis would indicate that only four volumes 
of the gas were required, as shown by the equation : 

4 K 4 - 4NH/:1 (4 vo/s.) - 4KCI + 4NH, + 2 

A similar anomaly was observed in the vapour-densities of 
the ammonium and phosphonium salts examined by Bineau 
in 1838 C/iim. P/iys., 1838, 68, 416-441). 

The following compounds were studied : 

PHg-t HI =rH4l (phosphonium iodide) 

PHg -f- H Hr ==•• PH^Br (phosphonium bromide) 

2NH3 -f CO2 = (NHg)2C02 (ammonium carbamate) ^ 
NH3 + SHg — NH4HS (ammonium hydrosulphide) 
NHg-fHCN =NH4CN (ammonium cyanide) 

NH3 4 - HCl = NH^Cl (ammonium chloride) 

In each case an easily crystallised compound was formed, 
but a study of the vapour showed that no contraction in 
volume had taken place. Thus Bineau found that 
phosphonium iodide “is formed from equal volumes of 
phosphoretted hydrogen and hydriodic acid united w^ithout 
condensation, and that its density, in the state of vapour, is 
the mean of the densities of its components ” {/oc. cit. 
p. 430.) 

^ The product “ sal -volatile is not a true carbonate, but the 
ammonium salt of carbamic acid, NHa’CO'OH ; compare p. 430, 
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Again ammonium carbamate [Joe, cii, p. 434) ‘‘when 
heated, gives a volume of gas equal to the sum of the 
volumes of the components of the salt.” “The vapour of 
the salt contains one-third of its volume of carbonic gas 
and two-thirds of its volume of ammonia gas. The conden- 
sation is consequently nil, and the density of the vapour is 

1*524-1-2 X 0*591 
^ =0*902,” 

the densities of the components (relatively to air) being 
1*524 for carbonic anhydride and 0*591 for ammonia. 

The analogous case of nitric oxide, which is formed from 
its components without condensation, had been discussed by 
Dalton in 1802, but was explained by Avogadro (Chap. 

P‘ 33^) c>n the assumption that the molecules of 
nitrogen and oxygen were divisible into halves, the “atom ” 
being therefore the half and not the whole molecule : 

N2 + O.2-2NO. 

But if a similar method were applied to Bineau’s observa- 
tions it would be necessary to halve again the atomic weight 
of nitrogen in ammonium chloride, ammonium cyanide, and 
ammonium hydrosulphide, whilst in the case of the 
carbamate it must be divided into 3 parts. This further 
division into 2 and into 3 parts would reduce the atomic weight 

to one-sixth of Avogadro's figure, namely, — = 2*3, and the 

6 

formula of nitrogen gas would be Njo- The carbon atom 
would be divided into two parts in the cyanide and three 
parts in the carbamate, thus reducing its atomic weight to 

^ 2. It would also be necessary to divide the atomic 

weight of oxygen by 3 and to reduce those of chlorine, 
bromine, iodine and sulphur to one-half of the values 
generally accepted for these elements. 

Such alterations were far too drastic to be justified by the 
behaviour of a single group of substances, and therefore 



XX 


DISSOCIATION 


521 


served merely to throw discredit upon Avogadro’s 
hypothesis. 

Pebal’s proof of the dissociation of sal-ammoniac 
( 1862 ). — Devillc^s discovery of dissociation suggested a 
simple explanation of these abnormal vapour-densities. Kopp, 
following Cannizzaro i^Niwvo Cime 7 ito, 1857, 6 , 428), 
pointed out {Liebig's Annaia?, 1858, 105 , 390) that the 
vapour obtained by heating a dissociable substance might 



B 

Fig, 56. — I’ehai.’s Aitaratus for Proving THrc Dissociation of 
Sal-ammoniac. 

be merely a mixture of the decomposition-products, occu- 
pying a larger volume and having a much lower density 
than the undecomposed vapour. This explanation had 
been suggested tentatively by Bineau in the case of am- 
monium carbamate, but was first verified in the case of sal- 
ammoniac, by the experiments of Febal {Liebig’s Annalen, 
1862, 123 , 199-202). 
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Crystals of sal-ammoniac were heated in a glass tube (Fig. 
56), 13 mm. wide, over a plug of asbestos 20 mm. in length ; 
a current of hydrogen was maintained on each side of the 
asbestos. After the sal-ammoniac had vaporised, the hydro- 
gen A from that side of the plug was found to contain 
free hydrochloric acid and turned blue litmus-paper red, 
whilst the hydrogen B from the other side of the plug con- 
tained free ammonia and turned red litmus-paper blue, 
'This separation of ammonia and hydrogen chloride depends 
on the fact that the ammonia, being a lighter gas than 
hydrogen chloride, diffuses more quickly through the 
asbestos, rendering the gas on the other side alkaline and 
leaving behind a gas containing an excess of acid. Such 
a separation could not take place, however, if the vapour 
consisted entirely of undecomposed sal-ammoniac, since 
this would then diffuse as a whole and would not be resolved 
into its constituents. 

It should be noted that, as ammonia and hydrogen 
chloride recombine immediately in the cold, the products 
of dissociation cannot be fixed by the method of sudden 
chilling, as used by Grove and by Deville. 

Variation of vapour-density with temperature dis- 
covered by Cahours ( 1844 ). — Another anomaly which 
found a simple explanation in Deville’s theory of dissociation 
is the variation of vapour-density with temperature, dis- 
covered by Cahours in the cases of acetic acid {Comptes 
re 7 idus^ ^844, 19 , 771-773) and phosphorus pentachloride 
{Afm. Chim. Phys., 1847, [3], 20 , 369-378). 

For acetic acid, Cahours found the following values : 

Temperature... 145® 152® 219° 231" C. 

Density 275 272 2'I7 2*12 (relative to air) 

By diluting the vapour with hydrogen Playfair and Wanklyn 
{Journ. Chem. Soc.^ 1862, 15 , 153) were able to measure 
its density below the normal boiling-point (119°) and found 
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that the value rose to 4*0 at 60’’ C. The values required by 
Avogadro’s hypothesis are: for C2H4O2 2*073, 

4*146. The density at 60"* C approximates to that of an acid 
of the formula C4Hg04 ; at 230“' C. it approximates to the 
value for an acid C^H^Og, and is not changed by further 
heating. Playfair and Wanklyn concluded {/oc. af. p. 143) 
that “in the few cases where any great difference is found 
between a vapour-density taken at a point near the point 
of liquefaction, and one taken at a point far removed from 
the point of liquefaction, there is a chemical and not a 
merely physical change.” The vapour “ has sometimes one 
and sometimes another chemical formula, according as it 
is more or less heated.” In the case of acetic acid the 
dissociation is expressed by the scheme : 

High temp. 

QH A r 

Low temp. 

the action proceeding from left to right with increasing 
temperature and conversely. 

The dissociation of phosphorus pentachloride. — For 

phosphorus pentachloride vapour, Cahours found 
Chim. Phys., 1847, [3]. 20 , 373): 


Temp 182° 200“ 250'" 300'’ 336® C. 

Density 5*078 4*851 3*991 3*654 3*656 


By diluting with air, Wurtz was able to measure the 
density of the vapour at 129"* C. under a partial pressure of 
175 mm., and found that the value increased to 6*4 (^Comptes 
rendus^ 1873, ^03)> ^hus approaching the value 7*217 

required by the formula PCI5. The lower values observed 
at temperatures above 129“* C. were obviously due to dissocia- 
tion, as shown by the equation : 

PCI, PCI3 + Cl„ 

the dissociation being substantially complete above 3oo°C. 



524 HISTORICAL INTRODUCTION TO CHEMISTRY chap. 

If the low vapour-densities were actually due to dissocia- 
tion, they should be raised by adding one of the products 
since this would tend to accelerate their recombination. 
VVurtz found {loc. cit, p. 608) that when the pcntachloride 
was vaporised at 160 to into an atmosphere of 

phosphorus trichloride, it had the vapour density 7*226, 
agreeing closely with the value of 7*217 calculated for the 
formula PCIr,. 

The dissociation of sulphur vapour.— The decrease of 
vapour density with rising temperature is shown in a still 
more marked degree by sulphur, the vapour-density of which 
falls from 6*57 at 524‘'C. (Dumas, Afin. Chim. Phys.^ 1832, 
50, 175) to 2*23 at 86o°C and io4o°C (Deville andTroost, 
Ann. Chim, Phys , t86o, 58, 287 and 298). The latter value 
corresponds with the formula S2 ; the former approximates 
to that required by the formula ; later measurements at 
lower temperatures and reduced pressures have given values 
approximating to that required for the formula It is 

probable that the vapour contains molecules of two types, 
as shown by the equation : 

but intermediate forms such as S^. and S4 are by no means 
excluded. 

The dissociation of nitrogen peroxide discovered by 
Playfair and Wanklyn (1862). — Playfair and Wanklyn 
discovered in 1862 {loc, cit. p. 156) that the vapour-density 
of nitrogen peroxide (diluted with nitrogen) decreases with 
rising temperature as follows : 


Temp 4*2° 11*3° 24’5° 97 ’5*" C. 

Density 2‘588 2’645 2*520 1*783 


^ Bleier and Kohn {Her.., 1900, 83 , 51 ) found S7.85 at 193° C. and 
2*1 mm. pressure, Biltz {Ber., 1901, 34 , 2493) obtained an average 
value 8706 in ten readings at the normal boiling-point, under pressures 
ranging from 200 to 540 mm. 
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Dcville and Troost found {Comptes rendus^ 1867, 64 , 
237-243) for the pure vapour ; 

Temp. ... 267® 49*6'’ 60*2'' 8o‘6° ioo*C 121-5® 135 ** ^54'’^. 

Den.sity... 2*65 227 2*08 1*80 1*68 1-62 1*60 158 

The values calculated by Playfair and Wanklyn were 


3*179 for N.,04, 1*589 for NO2. 

The percentage com- 

position of the vapour is therefore : 

N.O," 


At 26 7° C 

... 80% 

20% 

At 49*6® 

... 60 

40 

At loo’T 

... II 

89 


the dissociation being complete from 1 54° (". upwards. 

Playfair and Wanklyn concluded “that peroxide of 
nitrogen exists in two states ;that there are two bodies having 
the same percentage composition as peroxide of nitrogen, 
but which are polymeric.’^ The change of molecular state 
was associated by them with “ the wonderful deepening of 
colour which peroxide of nitrogen undergoes on being 
heated,” and which had been noted by Priestley ninety years 
before (p, 76). 

The two changes are undoubtedly due to a common 
cause, namely, the dissociation of a dense colourless 
tetroxide, N.^04, into a deeply-coloured dioxide, NOg, of 
lower density. The liquid, boiling at 22'’ C., which Gay- 
Lussac prepared in 1816 by heating lead nitrate and cooling 
the vapours by means of ice and salt {Ann. Chun, Phys..^ 
1816, 1 , 405), is pale yellow; it probably consists of N0O4 
with only a trace of NO.^. The .solid, melting at - 10'’ C, 
is a colourless ice (Deville and Troost, Comptes rendus^ 1867, 
64 , 238, footnote), and must be regarded as the pure 
tetroxide, free from all traces of dioxide. 

The dissociation of nitrogen peroxide, 

2NO2, 

cannot be proved by chilling the brown dioxide, which loses 
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its colour immediately wheih cooled ; nor can Pebal’s method 
of diffusion be applied to a\ substance which gives only one 
product of decomposition. B ut the dissociation, indicated by 
the changing vapour-densities and made visible by changes 
of colour, is revealed in a^ striking way by the large 
absorption of heat which accompanies it. To raise the 
temperature of 92 grams of thci gas through 1° C. requires 
(Berthelot and Ogier, Chim. F/iys., 1883 [v], 30, 392) 


Between 27 and 67“ C 


>. 67 , 

.7 103° X 

57*0 M 

„ 103 ; 

ISO” 

1 27-0 ,, 

M 150 : 

198° 

9 ‘I ,, 


As the heat-capacity of a gas usually increases with rising 
temperature, the remarkable absorption of heat in the lower 
ranges must be due to a chemical • change : a direct com- 
parison has shown that the heat-capacity is greatest just 
when the degree of dissociation (aei calculated from the 
vapour-densities) is increasing most rapidly and that the two 
changes run parallel throughout ; thus the percentage of 
dissociation occurring over three consecutive ranges of tem- 
perature were calculated to be as follows (Berthelot and 
Ogier, loc, at, p. 398) : 

From vapour density. From li'eat capacity. 

27-70“ C. 35*6% 27-67^' C. 40-0% 

70-100'’ 23*6% 67-103“ 26-3% 

100-136° 9*5% 103-150“ ,13-2% 

Deville (1867) does not accept the dissociation of sal- 
ammoniac, acetic acid, phosphorus pentaclilo^ide, and 
nitrogen peroxide. — It is remarkable that Deville found 
himself unable to accept the view that sal-ammoniac vapour 
contained free ammonia and free hydrogen chloride : these, 
he held, were formed from the undecomposed vapour by 
the process of diffusion. Further, he did not consider that 
dissociation was responsible for the change of vapour-density 
with temperature, and concluded that : ; 
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“ For all va})ours condensible above zero, what is called 
the vapour-density is a mathematical fiction, to which it is 
impossible to give a physical meaning. Its interpretation 
is only possible when the vapour, at a jioint sufficiently 
above the boiling-point, obeys the law of Mariotte, and 
possesses the constant coefficient of expansion, 0*00367, of 
the perfect gases” {Comptes rendus, 1867, 64 , 242). 

The association of water. — In the case of water-vapour, 
the vapour-density agrees almost down to the boiling-point 
with that calculated for the formula H.^ 0 . But Bose (Zeit. 
Ekktrochem.^ 1908, 14 , 271) has found evidence of a slight 
polymerisation in the neighbourhood of 100®, the increase of 
density corresponding with the formation of about 9% 
of H4O2. Liquid water at 100^ appears to be polymerised 
to such an extent that the average size of the molecules is 
approximately that shown by the formula (Guye, 

Trails, Faraday Soc.^ 1910, 78). The formation of 

unstable complex molecules during the condensation of a 
vapour is usually described as association. The phenome- 
non does not differ essentially from those cases of dissocia- 
tion (Sj^ ^ 4S.2, N2O4 ^ 2NO2), in which only a single 
product is formed. The term is, however, usually applied 
to cases in which the vapour has a normal density and the 
polymerisation is, for the most part, confined to the liquid 
and solid states. 

The evidence of association in liquid water is particularly 
strong. Rontgen pointed out in 1891 that the anomalous 
contraction between o'" and 4° might be explained by a 
gradual dissociation of ice-molecules ” into denser “ water- 
molecules.” Sutherland suggested that these might be 
formulated as follows : 

‘‘ steam-molecules ” HgO = “ hydrol ” 

“ water-molecules ” == “ dihydrol ” 

“ice-molecules” H^Oj — “ trihydrol.” 

Following the analogy of nitrogen peroxide, it may be 
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supposed that steam above (say) 150° C. consists entirely 
of hydro!, but that it begins to polymerise as the boiling- 
point is approached. Liquid water is obviously a mixture 
of “ steam molecules ” with increasing proportions of poly- 
merised water-molecules/^ whilst ice-molecules ’’ of lower 
density become important as the freezing-point is ap- 
proached. Ordinary ice, like solid nitrogen peroxide, is 
a homogeneous material, in which X-ray analysis has dis- 
closed the existence of “giant molecules,^' extending 
throughout the crystal, of such a character that every atom 
of oxygen is enveloped by four atoms of hydrogen, whilst 
every atom of hydrogen lies between two atoms of oxygen. 
"J'ammann, however {Annua/ Reports^ 1910, 1913 )> 

by compressing to 2,500 atmospheres and cooling to 
— 22° C., has frozen out a dense ice, which sinks instead 
of floating in liquid air, but swells up and reverts to 
ordinary light ice when warmed up to —130° C. ; and 
\\x\^<^\x\d:ci {Free, Amer, Acad.y 1912, 47 , 441) has demon- 
strated the existence of four or five varieties of dense ice 
and tw'o or more of light ice. 

B. The Conditions of Chemical Change. 

H. B. Baker (1894) on the influence of moisture on the 
dissociation of sal-ammoniac. — In his earlier papers Deville 
described dissociation as a “spontaneous decomposition” 
by heat without the intervention of any chemical agency. 
The later work of H. B. Baker and others had rendered it 
doubtful whether dissociation actually occurs under such 
simple conditions. In his experiments on the “Influence 
of Moisture on Chemical Change ” ( Trans. Cheni. Soc.^ 1894, 
65, 611 - 624 ), H. B. Baker found that dry ammonium 
chloride could be vaporised without decomposition into 
the dried bulb of a Victor Meyer’s vapour-density apparatus, 
specially constructed of hard glass and heated to 350° C. 
Six experiments gave an average vapour-density 27*8, 
relatively to hydrogen, as compared with 2675 calculated 
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for the formula NH^Cl. A similar value, 28*8, was 
obtained {Trans. Chem, Sac.., 1898, 73 , 426) by Dumas’ 
method, the dried salt being vaporised into a dried bulb 
protected from the moisture of the atmosphere by a long 
tube of phosphoric anhydride. 

Baker also found that ammonia and hydrogen chloride, 
after being dried during a week by contact with purified 
phosphoric anhydride, ^ did not contract on mixing and 
gave no fumes of ammonium chloride. But “ If a trace of 
moisture be admitted to the mixture of dried gases, dense 
white fumes are at once produced, and the mercury rushes 
up into the tube” {Trans. Cheni. Sac., 1894, 65 , 615). 

Carefully-prepared quicklime and ammonium chloride, 
after drying during 17 days, gave no ammonia when mixed 
and heated, the ammonium chloride subliming unchanged 
from the lime. But when the rest of the ammonium 
chloride was mixed with lime, after allowing moist air to 
enter the tube, ammonia was evolved freely on heating the 
mixture. 

From such experiments it appears that moisture is 
necessary both for the production of sal-ammoniac from 
ammonia and hydrogen chloride and for its decomposition 
by heat or by the action of quicklime. 

Influence of moisture on the dissociation of calomel. — 
In 1900 {Trans. Chem. Sac, 1900, 77 , 646) Baker showed 
that calomel or mercurous chloride, dried by sulphuric 
acid and vaporised in a Victor Meyer apparatus containing 
nitrogen and heated to 444*’ C., gave a vapour-density 118*4 
(hydrogen =1) ; similar material, dried during three weeks 
in presence of phosphoric anhydride, gave in five experi- 
ments the average value 217*4, approaching the value 
235 required for the formula Hg2Cl^. Calomel vapour 
dried by phosphoric anhydride did not amalgamate gold 

^ If the phosphoric anhydride is pure it does not absorb ammonia 
that has been dried by potash. 


M M 
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leaf, but the moist vapour at once attacked it owing to the 
liberation of mercury in the dissociation : 

Hg,n, — Hg + HgCl,. 

Alexander Smith has since found {Zeit. physikaL Chem., 
1911, 76, 713) that calomel, heated at 115° C. during 5J 
months in a sealed bulb containing phosphoric anhydride, 
became so thoroughly dried that it would not vaporise at 
all at 352'’ C (usual vapour pressure 347 mm.). 

Baker’s work on the oxides of nitrogen (1894-1912). — 
Baker found in 1894 {loc. at. p. 613) that oxygen and nitric 
oxide if carefully prepared and dried by phosphoric anhydride 
during 10 days did not combine when mixed; no con- 
traction took place over mercury and no darkening of the 
gas could be seen. But “ when a small quantity of water 
was introduced, dense brown fumes of the peroxide were 
immediately produced.” 

The dissociation of the gaseous peroxide, 

NA— 2NO2, 

did not appear to be affected by drying the gas ; but later 
experiments showed that the boiling-point of the liquid was 
raised from + 22“ to over -i- 69” C. by drying during more 
than a year {Trans. Chem. Soc., 1912, 101, 2341). 

The trioxide, N2O3, or nitrous anhydride, forms blue 
crystals melting at - 1 1 1** C, but dissociates completely when 
vaporised at atmospheric temperatures : 

N2O3 ^ NOg 4 - NO or 2N2O3 N2O4 -f 2NO. 

The dried liquid, when evaporated, gave vapour-densities 
ranging from 38*1 to 62*2 (hydrogen =1). As N2O3 requires 
V.D. 38 only, the vapour was not merely undissociated, but 
actually associated, consisting largely of complex molecules, 
e.g. N40<j, analogous to those present in the vapour of phos- 
phorous anhydride, l^fiQ{Tra 7 ts. Cheni. Soc.^ 1907,91, 1862). 
After 3 years’ drying the boiling-point of the liquid was 
raised from - 2** to 4- 43'' C. : 
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The vapour of the very dry trioxide was red, and on 
cooling to +10“ C. it condensed to a green liquid, which on 
further cooling turned bright blue, showing that it was still 
nitrogen trioxide. On allowing some nitrogen, dried by 
])assage through a long column of j)hosphoric oxide, to enter 
the tube, the small amount of moisture it contained caused 
rapid dissociation, and the resulting sudden increase blew 
out the stopper of the tube.” 

Five years' drying gave a liquid which, instead of becoming 
olive-green above - 20" C, was permanently blue at ordinary 
temperatures and perhaps consisted of undecomposed 
{Trans. Chem, 1912, 101 , 2341). 

Influence of moisture on combustion. — Baker's work on 
dissociation formed part of an investigation initiated by 
H. B. Dixon, on the influence of moisture on chemical 
change and especially on combustion. The following 
actions are checked, or altogether arrested, by careful 
drying : 

2CO 4 - 0.2 2CO2 

C 4 - O2 CO2 

S 4 - O2 SO2 

P4 +5O2 

2H2 4 - O2 2H2O 

A dried mixture of carbonic oxide and oxygen was sparked 
without exploding (H. B. Dixon, T/ii/. Trans,^ 1884, 176 , 
630). Both sulphur and phosphorus were distilled to and fro 
in sealed tubes containing dried oxygen without taking fire, 
whilst purified carbon was only partially burned by prolonged 
heating in oxygen (H. B. Baker, Phil. Trans. ^ 1888, 179 , 
571). Hydrogen and oxygen were found to be almost 
incapable of exploding when pure and dry (Baker, Trans. 
Chem. Soe.f 1902, 81 , 400). 

The. mixed gases, prepared by the electrolysis of purified 
baryta, were passed through a column of phosphoric an- 
hydride and collected in cleaned vacuous tubes of hard glass, 
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each containing a small tube filled with purified phosphoric 
anhydride. The mixture was sealed in by a plug of fusible 
metal and put aside to dry (Fig. 57). 

“ Comparative tubes were made at the same time from 
the same length of tubing and treated in precisely the same 
way, except that no pliosphoric oxide was sealed up in them. 

After 10 days’ drying, two 
such tubes were heated 
side by side in the same 
Bunsen burner flame. In 
twelve experiments, the 
wet tube exploded and 
the dry tube did not. In 
only one experiment has 
a dry tube exploded, but 
in this case the tube had 
been carried for some 
miles by hand, and most 
probably some of the 
phosphoric oxide had 
been shaken into the part 
of the tube which was 
heated. In two experi- 
ments, where only 2 days’ 
drying had been allowed, 
water was slowly formed 
in the dried tube, but 
although visible moisture 
was present, no explosive 
combination took place, and a slow combination only 
occurred.” 

Silver was melted in the dried gas, and small sparks 
were passed through it without producing an explosion ; 
but the melting of platinum and the passage of larger 
sparks always detonated the mixture. 

Conditions under which chemical change takes place.— 
The experiments described in the preceding paragraphs 
show that chemical changes frequently involve factors which 



Fig. 57-— H. B, Bakfr’s Apparatus for 
Heating Dried Mixtures of Hydro- 
gen AND Oxygen (i) by means of a 
burner, ( 2 ) by a silver wire heated to fusion. 
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are not shown in the ordinary equations. The metals potass- 
ium, sodium, magnesium, zinc, cadmium and iron do not 
dissolve in liquefied hydrogen chloride, nor does it act at all 
on quicklime or marble (Gore, Proc, Roy. Soc^ 1865, 14 , 204- 
213). Dry chlorine does not act upon sodium either at the 
ordinary temperature or when fused (Wanklyn, Chem. A^erifs, 
1869, 20, 271), and has but little action on silver, zinc, magne- 
sium and potassium (Cowper, Trans. Chem. Soc.^ 1883, 43 , 
1 5 3-1 55). Nitric acid, which has been freed from whaler and 
from lower oxides of nitrogen, has no action upon purified 
copper, silver, cadmium or mercury, nor upon commercial 
magnesium at ordinary temperatures ; even when boiling it 
does not attack iron or tin, nor dissolve Iceland spar or marble 
(Veley, P/u7. Trans. A. 191 , 388). Copper does not 
dissolve readily even in diluted nitric acid if freed from 
lower oxides of nitrogen, but as soon as it begins to dissolve 
these are produced in increasing quantities and the action 
is rapidly accelerated (Veley, Proc. Roy. Soo.^ 1889, 46 , 216- 
222). Highly purified zinc, redistilled in a vacuum, is 
“nearly unacted on by sulphuric or hydrochloric acid’' 
(Reynolds and Ramsay, Trans. Chem. Soc., 1887, 61 , 857), 
but it is rendered soluble by contact with the less active 
metals, such as lead, copper and platinum. Metals do not 
combine with dried chlorine, nor sodium and potassium 
with dried oxygen ; dry lime does not combine with carbonic 
anhydride (Veley, Trans. Chem. Soe., 1893, 821), nor 

does sulphuric anhydride combine with dry quicklime or 
with the dry oxide of copper (Baker, Trans. Chem. Soc., 
1894, 65 , 622). Pure iron does not rust, does not dissolve 
in cold dilute sulphuric or nitric acid, and has no action 
on aqueous copper sulphate or copper nitrate (Lambert, 
Trans. Chem. Soc., 1912, 101 , 2069). 

In the case of metals dissolving in acids, the conditions 
for dissolution are clearly identical with those for the pro- 
duction of a battery, namely, two electrodes (e,g. zinc and 
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copper) and an electrolyte dilute sulphuric acid). The 
pure anhydrous acids do not conduct and do not therefore 
provide a proper electrolyte. Pure zinc, on the other hand, 
fails to dissolve in dilute acids because, in the absence of 
impurities, such as lead, arsenic and carbon, there is only 
one electrode provided for the passage of the current. 

Armstrong (1885) regards chemical change as reversed 
electrolysis. — H. E. Armstrong, in 1885 (B./I. Report, Aber- 
deen, 945-964), applied these ideas boldly to chemical 
changes of every type. In electrolysis, an electrolyte is 
decomposed by energy supplied from an external source : 
in a battery, decomposition of the electrolyte is itself a source 
of energy. The decomposition of the electrolyte taking 
place in the single fluid cell results in the conversion of 

Zn4-S04|H2 + Cu 
into ZnS04 4 - Hg + Cu. 

In the Daniell cell two electrolytes are decomposed in 
series, the system 

Zn + SOjHg + SO^jCu + Cu 
changing to ZnSO^ + H2SO4 -f Cu + Cu. 

In the Grove cell the change is from 

Zn 4 -S 04 |H 2 4 - 0 N 02 H + Pt 
to ZnSO^ + H2O + NO^H 4- Pt ; 

dilute sulphuric acid is electrolysed, but the concentrated 
nitric acid in the cell is reduced, rather than electrolysed, 
and may be regarded as constituting the second of the two 
electrodes between which the electrolysis of the sulphuric 
acid takes place. 

Armstrong, adopting a hint given by Faraday, suggested, 
in 1885 that all chemical changes are electrolytic in char- 
acter and take place under the same conditions that prevail 
in a cell, namely, by the co-operation of three distinct substan- 
ces. at least one of which must be an electrolyte. In the union 
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of hydrogen and oxygen these two substances would func- 
tion as “ depolarising ” electrodes for a trace of water 
acting as electrolyte : 

2H2 + 2OIH2 + Og 
giving 2H2O -f- 2H2O. 

Seventeen years before Baker’s experiments were 
carried to a successful conclusion, Armstrong acting on this 
belief, ventured to affirm, “that some day it would be 
ascertained that a mixture of pure oxygen with pure hydro- 
gen was not explosive” {Proc. Chem. Soc.^ 1885, 1 , 39). 
He added, however, that “ Water not being an electrolyte, . . . 
it was difficult to understand that the presence of water pure 
and simple should be of influence in the case of a mixture 
of oxygen and hydrogen ” {loc. cit. p. 40) ; to be effective 
the water must be sufficiently impure to render it con- 
ducting. The startling verification of these two daring pre- 
dictions by Baker’s experiments in 1902 affords the strongest 
evidence of the correctness of the views on which they were 
based. On the other hand, it need not be assumed that 
the electrolytic mechanism is universal, since photo- 
chemical reactions and many other gaseous reactions 
appear to depend on the interaction of free radicals rather 
than of ions. 

SUMPJARY AND SUPPLEMENT. 

A. Dissociation and Association, 

Grove, in 1847, discovered that steam could be decomposed 
by hot platinum, bubbles of detonating gas to the amount of 
IS Ao being formed when the steam condensed. The decomposi- 
tion actually amounts to 0*0078% at 1124°, 0 0 189% at 1207°, 
0*034% at 1288°, i’i8% at 1882°, and 177% at 1984° 
(Nernst, Wartenburg, Zeii, physikal. Chem,^ 1906, 56, 533, 
541). If the steam were cooled slowly, the hydrogen and 
oxygen would recombine as shown by the lower arrow in the 
equation 

2 H 30 :^:r 2 Ha-f 0 a, 
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but by cooling quickly to a temperature below that at which the 
gases recombine it is possible to fix the decomposition products 
as they are formed at Ingher temperatures. 

St. Claire Deville, in 1857, described the “spontaneous 
decomposition ” of substances by heat as d/ssociaiion, but in 
1863 limited the term to reversible decomposiiiims. By using a 
“ hot-cold tube ” he was able in 1865 to prove the dissociation of : 

( 1 ) Water 2 H.p 2 H, -f C).^ 

(2) Carbon dioxide 2C6, 2CO + O2 

(3) Carbonic oxide 2CO C + CO.^ 

(4) Sulphur dioxide 3SO.> S + 2SO3 

(5) ^hydroi^^en chlo 7 'ide 2HCI — Cla + H^ (the chlorine 
being fixed in the form of metallic chlorides on the 
cold tube). 

He brought about similar decompositions by sparking, but 
showed that sulphur dioxide and oxygen could be recombined 
by sparking over sulphuric acid and hydrogen and nitrogen by 
sparking in presence of hydrogen chloride : 

2SO2 + O2 2SO3 (fixed as H2S2O7) 
3H2+N2^2NH3-» (fixed as NH4CI). 

Pebal, in 1862, separated by diffusion the products of dissocia- 
tion of ammonium chloride : 

Hiejh temp. 

NH.Cl NII3+HCI, 

Low temp. 

He thus proved the correctness of the view suggested by 
Cannizzaro (1857) and by Kopp (1858) that the abnormalities 
detected by Bineau (1838) in the vapour densities of the 
ammonium and phosphonium salts were due to the dissociation 
of the salts. Deville, however, rejected all cases of dissociation 
in which the products could not be fixed by suddenly chilling 
the vapour. 

Cahours, in 1844 and 1847, discovered that the vapour-densities 
of acetic acid and of phosphorus pentachloride diminished as the 
temperature rose. Playfair and Wanklyn, in 1862, observed a 
similar phenomenon in nitrogen peroxide and attributed it to 
dissociation : 

2C2H4O2 
PCI, :;:r PCI3+CI2 

N2O4 2NOa. 
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Above 150'’ C. nitrogen peroxide consists entirely of the brown 
gas NO2 ; at 100° C. there is J of N2O4 by weight, at 50'' C. and 
at 27° C. The liquid (b.p. 22° C.) consists almost entirely of 
N2O4, which finally freezes out at - C. as a colourless ice. 
The dissociation of the colourless tetroxide is accompanied by an 
absorption of heat, and produces a remarkable increase in the 
heat-capacity of the gas. 

Similar phenomena occur in the case of water. The vapour 
at 100° C. consists of ‘‘ steam-molecules,” HgO, mixed with about 
9% of “water-molecules,” H4O2. The liquid is probably a 
similar mixture, but with an increasing proportion of poly- 
merised molecules as the temperature falls. As the freezing-point 
is approached “ice-molecules ” of lower density are formed in 
increasing proportions, giving rise finally to an expansion of 
volume between 4° and 0° C. Ordinary ice consists of 

“giant molecules ” in which each atom of oxygen is surrounded 
by four atoms of hydrogen, whilst each atom of hydrogen lies 
between two atoms of oxygen, but dense ice freezes out under 
pressures above 2,300 atmospheres (Tammann). There are, 
however, 4 or 5 varieties of dense ice, one of which melts at 
78° C. under 20,000 atmospheres pressure (Bridgman) : it is 
also possible that light ke exists in several forms (Tammann). 

B. The Conditions of Chemical Change 

Wanklyn, in 1869, showed that dry chlorine did not act on 
solid or on molten sodium ; this observation was confirmed, and 
extended to other metals, by Cowper in 1883. 

H. B. Dixon, in 1884, found that a dried mixture of carbonic 
oxide and oxygen was not explosive. 

H. B. Baker, in 1888, showed that sulphur and phosphorus 
could be distilled and that purified carbon could be heated to 
redness in dry oxygen without ignition. In 1894 he showed that 
dry ammonium chloride could be vaporised without dissociating 
and that it sublimed unchanged from quicklime ; conversely, dry 
ammonia and dry hydrogen chloride did not combine when 
mixed. Sulphur trioxide did not combine with quick- 
lime or with cupric oxide. Dry iiitric oxide did not combine 
with oxygen. In iqcx), he showed that dry calomel could be 
vaporised, as HggCla, without decomposition and that the vapour 
did not amalgamate gold-leaf : the later work of A. Smith has 
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shown that further drying prevents the calomel from vaporising 
at 352° C. In 1902, Baker showed that pure dry hydrogen and 
oxygen did not inflame at a red heat, nor when a silver wire 
was melted in the gas ; when dried less perfectly, a slow 
combustion took place, but there was no explosion even when 
visible moisture was present in the tube. In 1907, he showed 
that nitrous anhydride^ which dissociates completely at ordinary 
temperatures (N2O3 N02+-N0), can be vaporised as a 
mixture of N2O3 and N40e if carefully dried. In 1912 he 
showed that longer drying raised the boiling-point of the 
anhydride from -2'^ to C. and that the boiling-point of 

nitrogen peroxide was raised from •+22'’ to +69^ C. 

The experiments of Gore, Veley, Reynolds and Ramsay, 
Lambert and others have shown that purified acids do not act 
on commercial metals, and that purified metals are not acted on 
by commercial acids. The conditions for interaction are the 
same as in a battery, which consists of three essential parts, 
namely, two electrodes and an electrolyte. Armstrong, in 1885, 
suggested that chemical action is reversed electrolysis. This 
view is strongly supported by Baker’s work ; but this need not 
be regarded as a universal mechanism of chemical change, 
since many photochemical and gaseous reactions appear to 
depend on “ free radicals ” rather than on ions. 
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1813. “Substances produced in different chemical processes 

on Fluor Spar.” 1814 “On the Fluoric Compounds.” 
The name “ fluorine,” 235 ; fluor spar a compound of 
metal and fluorine, 235 ; hydrofluoric acid a com- 
pound of hydrogen and fluorine, 235 ; chlorine an 
element, 222 

1814. “On a new substance which becomes a violet-coloured 

gas by heat” (dated Paris, Dec. 10, 1813). “ Further 

Experiments and Observations on Iodine ” (dated 
Florence, March 23, 1814). The name iodine, 237 ; 
iodine an element, 237 ; potassium iodide, 238 

1815. “A solid compound of Iodine and Oxygen,” 238 

1816. “On the Analogies between the Undecompounded 

Substances and on the Constitution of Acids.” The 
name “chloride,” 218 ; the hydrogen theory of acids, 
248 

1 81 8. On the Safety Lamp^ with some Researches on Flame. 
All quotations are from The Collected Works of Sir Humphry 
Davy, 9 Vols., 1840, or from the Alemhic Club Reprints (No. 6, 
Decomposition of the Alkalis and Alkaline Earths ; No. 9, The 
Elementary Nature of Chlorine). 

Descartes, Ren6 (1596-1650). Kinetic theory of gases, 323 
DfeORMES AND CLEMENT 

1801. Composition of carbonic oxide, 14 1 ; carbonic oxide 
prepared by the action of charcoal on carbonates, 
141 ; on carbonic anhydride, 142, and on steam, 142 
1813. Iodine, 236 ; hydriodic acid, 239 ; metallic iodides, 
228 ; iodine and ammonia. 239 
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Devilt.k, Ste.-Claire (1818-1881) 

1857. Dissociation, 514 

1863. Dissociation of water, 515, and carbonic anhydride, 516 

1864. Dissociation of carbonic oxide, sulphur dioxide, and 

hydrogen chloride, 516 

1865. Dissociation of ammonia, 263, 517 

1867. Rejects, dissociation of NH4Cl,(C2H402)2,PCl5 and 
N2O4, 526 

Devilee and Troost 

i860. Vapour densities of sulphur, 524 ; cadmium, 361 ; 

aluminium chloride, bromide, and iodide, 361 
1867. Vapour density of nitrogen peroxide, 525 ; solid 
nitrogen peroxide, 525 
Dewar, Sir James (1842-1923) 

1905. Vapour-density of iron carbonyl, 361 

1913. Atomic heats at low temperatures, 366, 471, 473 

Diem AN, Troostwyck, Bondt, and Lauweren burgh 
1794. “Oily carburetted hydrogen” or olefiant gas, 155; 
“Dutch liquid” or ethylene chloride, 155 

Dixon, H. B. 

1884. Explosion of dried carbonic oxide and oxygen, 531 

Dobereiner, Johann Wolfgang (1780-1849) 

1829. Triads, 452 

Dulong and Petit 

1819. Law of Atomic Heats, 362 


DUMAS, Jean Baptiste, b. 1800, Alais ; d. 1884, Cannes. Pro- 
fessor of Chemistry at the Sorbonne 

1826. Vapour-density of stannic chloride, 361 

1827. “On the Formation of Sulphuric Ether,” by Dumas 

and Boullay. Sulphovinic acid, 402 
1827. “On the Compound Ethers,” by Dumas and Boullay. 

The aetherin radical, 401 
1832. Vapour-density of sulphur, 524 

1834. “On a New Alcohol,” by Dumas and Peligot. Methyl 
alcohol, methylene, and methyl, 403. 

1834. “The Law of Substitutions,” 406 ; removal of hydrogen 
without replacement, 407 

1837. Dumas and Liebig united, 405 

1838. Vapour-density of chromyl chloride, 361 

1839. Theory of types, 411; chlorine plays the part of 

hydrogen, 4 1 1 

1840. Chemical and mechanical types, 413 
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1841. “Researclies on the true Atomic Weight of Carbon,” 

by Dumas and Stas. Composition of carbonic 
anhydride, 148, 484 

1842. “ Researclies on the Composition of Water,” 125 

1859. “On the Equivalents of the Elements.” Natural 
series and common differences, 452 ; simple multiples 
amongst atomic weights, 482 ; on Prout’s hypothesis, 
484 

— Hydrogenium as a metal, 249 ; acid anhydrides, 249, 
250 

FARADAY, Michael, b. 1791, Newington ; d. 1867, Hampton 
Court. Professor of Chemistry at the Royal Institution 
1816. “Analysis of Native Caustic Lime of Tuscany.” 

1820. “ On the Alloys of Steel.” 

1821. “On Two New Compounds of Chlorine and Carbon.” 

Chlorination of ethylene chloride, 407 
1823. “On Fluid Chlorine.” 

1825. “On New Compounds of Carbon and Hydrogen and 
on Certain Other Products Obtained during the 
Decomposition of Oil by Heat.” Butylene, 404 
1830. “On the Manufacture of Glass for Optical Purposes.” 
1845. “Liquefaction and Solidification of Gases.” 

1831-55. Experimental Researches in Electricity (repr. 3 Vols., 
1839, 1844, 1855), includes : 

{a) 1831. “ Induction of Electric Currents.” 

W 1^33* “ Identity of Electricities of Different Sources.” 

(c) 1833-4. “ IHectro-chemical Decomposition.” 

\d) 1846. “On the Magnetisation of Light.” 

'Phe 1834 paper (repr. Expcrimc 7 ital Researches in Electricity ^ 
Vol. I. pp. 195-258), includes the definitions of electrode, 
anode, and cathode (p. 196), electrolytes (p, 197), ions, anions, 
and cations (p. 198), and Faraday’s two laws of electrolysis, 
stated as follows : “ That the che 7 nical power of a curre 7 tt of 
electricity is i 7 t direct pr(portio 7 t to the absolute quantity of 
electricity which passes (p. 241), and that the electro^ 
chemical equivalents \of the ions^ are the sa 77 ie as their ordmary 
che 77 tical equivalents I'* 

Fourcroy, Antoine Francois de (1755-1809) 

1787. Syste 77 t of Che 77 itcal No 7 nenclature. See under 
Lavoisier 

Fischer 

1802. Equivalent weights of acids and bases, 31 1 
Frankland, Sir Edward (1825-1899), Professor of Chemistry 
at the Royal Institution and at the Normal School of Science 
and Royal School of Mines 
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1852. “New Series of Organic Bodies containing Metals.” 
Combining-power of N, P, As, Se, 435 ; combining- 
power variable, 442 

1855. Vapour-density of zinc ethyl, 361 

1857. (Frankland and Kolbe.) Quadrivalency of the double 
carbon atom Cg, 436 

1864. Vapour-density of zinc methyl, 361 
Friedel, Charles 

1888. Vapour-density of ferric chloride, 361 

GAY-LUSSAC, Louis Joseph, b, 1778, Limousin ; d. 1850, 
Paris. Professor of Chemistry at the P'cole Polytechnique and 
of Physics at the Sorbonne ; Professor of Chemistry at the 
Jardin des Plantes. 

1802. “Dilatation of Gases and Vapours.” Expansion by 
heat, 327 

1805. “Ratio of the Constituents of the Atmosphere,” by 
Gay-Lussac and Humboldt. Combining volumes of 
hydrogen and oxygen, 330 

1807. “ Decomposition of Sulphates by Heat,” 169 

1809. “ Memoir on the Combination of Gaseous Substances 
with each other.” The law of Volumes, 334 ; ex- 
plained by the atomic theory, 335 ; multiple pro- 
portions in gases, 306, 325 ; combination of ammonia 
with acids, 331 ; composition of nitric oxide, 195, 
nitrous oxide and nitrogen peroxide, 332 ; of am- 
monia, sulphuric anhydride, and carbonic anhydride, 

331 

181 1. Physico-Chemical Researches^ by Gay-Lussac and 
Thenard, includes : 

{a) 1808. Preparation and properties of potassium, 275, and 
sodium, 279 ; formation of peroxides by burning 
potassium and sodium, 283 ; preparation of boron 
and silicon, 288 

{b) 1809. Pure hydrofluoric acid, 234; muriatic acid contains 
hydrogen, 215 ; combination of hydrogen and 
chlorine, 216 ; chlorine not decomposed by charcoal, 
219 ; muriatic acid as a hydrate of the muriatic 
radical, 222 

{c) 1810. Organic analysis, 390 

1811. Anhydrous prussic acid, 244 

1813 “On Iodine” (Klassiker^ No. 4), with an appendix on 
-14. “Acidity and Alkalinity.” Iodine an element, 238; 
hydriodic acid and the iodides, 239 ; nitrogen iodide, 
239; hydracids, 246, 247 ; hydrochloric acid, 218 ; 
hydrofluoric acid, 235 ; hydriodic acid. 239 ; analogy 



BIOGRAPHICAL INDEX 551 

between chlorine, iodine, and sulphur, 226, 451 ; 
chloric acid and chlorates, 228 

1815. ‘‘On Prussic Acid.” The cyanogen radical, 399; 
hydrocyanic acid and the cyanides, 245 ; cyanogen, 
245, and cyanogen chloride, 407 ; use of copper 
oxide in the combustion of mercuric cyanide, 394 

1815. “On the Analysis of Alcohol and of .Sulphuric Ether.” 

Vapour-density of alcohol and ether, 388, 401 

1816. “On the Combinations of Azote with Oxygen.” Com- 

position of nitrogen peroxide, 195 ; nitric and nitrous 
acids, 202 ; liquid nitrogen peroxide, 525 
Geber. The alchemist Jabir ibu Hayyan, who flourished about 
750 A.D., wrote several treatises in Arabic. The 
Latin writings known as the “ Works of Gcber ” 
describe the state of knowledge up to about 
1200 A.D. Progress of alchemy 2 ; preparation 
of oil of vitriol, 13; nitric acid (“dissolving 
water”), 14; ac|ua regia, 14; lunar caustic or silver 
nitrate, 19; action of acids on metals, 16 ; prepara- 
tion of caustic alkali, 54 ; sulphur dissolved by alkalis, 

171 

Gengembre 

1783, Discovery of phosphoretted hydrogen, 180, 181 
1785. Properties of phosphorous acid, 179 
Geoffroy, Etienne Francois (1672-1731) 

1718. Tables of affinity 

Gerhardt, Karl F'riedrich, b. 1816, Strassburg ; d. 1856, 
Strassburg. Professor of Chemistry at Montpellier and then at 
Strassburg 

1839. On the copulation of residues, 417 
1843. Halvesthe formulasof organic compounds, 419 ; corrected 
atomic weights, 437 

1853. Preparation of acetic anhydride, 432 
1856. Traitd de Chimie Organique^ 4 Vols., 1853-1856. Dis- 
tinguishes the hydrogen and chlorine radicals from 
hydrogen and chlorine gas, 420 ; four inorganic 
types, 425, 432 ; primary, secondary, and tertiary 
amines, 423 ; on conjugated radicals, 430 
Glauber, John Rudolph, h, 1603, Karlstadt ; d. 1668 
Amsterdam 

1648-50. Philosophical Furnaces. Preparation of green 
vitriol and blue vitriol, 10, 18; oil of vitriol, 13; 
nitric acid, 14; spirit of salt, 14 ; aqua regia, 15 ; 
properties of oil of vitriol, 1 5 ; action of oil of vitriol 
on salt and on nitre, 21 ; preparation of muriates, 
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20, 21 ; preparation of spirit of hartshorn, 57 ; flint 
and rock-crystal dissolved by alkalis, 171 
1653 and 1658. Miraculum Mundi 
1658. “Sal mirabile” or Glauber’s salt, 18 

Wealthy Storehouse of Treasures. Sulphur from oil of 

vitriol, 163, 175 

All quotations are from contemporary translations, or from 
the collected Works published in London in 1789 
Gore, George 

1865. Properties of dry hydrogen chloride, 533 
Gray, R. W. Composition of nitric oxide, 207 
(jRAY AND Burt. Volume of hydrogen in hydrogen chloride, 
335 

Gray and Ramsay. Atomic weight of niton, 467 
Grove, Sir William Robert (1811-1896) 

1839. “On a new electric battery of great energy.’^ The 
Grove cell. 

1847. Dissociation of water, 515 
VON Guericke, Otto (1602-1686) 

1654. The Magdeburg- hemispheres, 320 
Guye, a. 

Measurements of atomic weights, 318 ; association of water, 

527 

Guye and Pintza. Combining-ratio of hydrogen and nitrogen. 

335 

Guyton de Morveau (1737-1816) 

1787. System of Chemical NGmcnclaturc, See under 
Lavoisier 

Hales, Stephen, b. 1677, Kent ; d. 1761, Teddington. Doctor 
of Theology and Vicar of Teddington 

1727. Vegetable Statics. Nitrous air obtruded itself upon 
him, 71 ; apparatus for collecting and measuring 
gases, 84 

1733. Haemastaiics 

VAN Helmont, Johann Baptist, b. 1577, Brussels; d. 1644, 
Vilvorde. Lecturer in Medicine and in Chemistry at the 
University of Louvain. 

Willow tree grown from water, 112 

gas sylvestre and gas pingue, 64, 94 ; fixed air and 

water as products of combustion, 385 
Henry, William (1774-1836) 

1800. Muriatic acid gas decomposed by sparking over 
mercury, 224 



BIOGRAPHICAL INDEX 553 

Hermann, Hans Rudolph (1805-1879) 

1830. Radicals of organic acids as oxides of hydrocarbons 
Hess, (Germain Henri (1802-1850) 

1842. Law of thermoneutrality, 505 
Higgins, William 

1799. On Potash an element, 257 

VAN t’Hoff, Jacobus Hendricus (1852-1911) 

Isomerism of carbon compounds, 441 
Hoffmann. 

1772. Sulphuretted hydrogen, 171 
Hofmann, August Wilhelm, A 1818, Giessen ; d. 1892, 
Berlin. Professor of ('hemistry at Ikrlin, and at the Royal 
College of Chemistry, London 

1850. Three types of nitrogen-bases, 423 ; tetramethyl- 
ammonium iodide, phosphonium iodide, 433 
Homberg, Wilhelm, A 1652, Batavia; d, 1715, Paris 
1702. Preparation of boric acid or ‘‘ sedative salt,’’ 288 
Hooke, Robert, b. 1635, Freshwater; d, 1703, London. 
Assistant to Boyle, Curator of Experiments to the Royal 
Society, Professor of Geometry at Gresham College, London 
1665. Micrographia, Air compared with fluid saltpetre, 32 


Kekul^:, Friedrich August, b. 1829, Darmstadt ; d. 1896, 
Bonn. Professor of Chemistry in the University of Bonn 
1857. “Constitution of Mercury Fulminate.” The marsh- 
gas type. 437 

1857. “ On Copulated Compounds and the Theory of Poly- 

atomic Radicals.” Multiple types, 427 ; mixed 
types, 429 ; substitution value or atomicity, 433 

1858. “Constitution and Metamorphoses of Chemical Com- 

pounds and the Chemical Nature of Carbon” 
{Klasslker^ No. 145). Carbon tctratomic, 438 ; the 
carbon skeleton, 438 

1864. “On the Atomicity of the Elements.” Fixed valency, 

441 ; molecular compounds, 441 

1865. “On the Constitution of Aromatic Substances. 

Structural formula for benzene, 440 
1869. Apparatus for combustion of organic compounds, 395 ; 
1 866-- 1887. Lehrbuch der Organischen Chemie^ 4 Vols., 
Graphic formulae, 439 

KOPP, Hermann, A 1817, Hanau ; d. 1892, Heidelberg. 
Professor of Physics and Chemistry in the University of 
Giessen 

1843-1847. Geschichte der ChemUy 4 Vols. 
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1858. Abnormal vapour densities explained by dissociation, 52 1 
1865. Molecular heats of compounds, 367 
Kunkel, Johann (1638-1703). 

Preparation of phosphorus, 177 
Ladenburg, Albert (1842-1911) 

1872. Vapour-density of tin triethyl and tetramethyl, 361 
Lane, Timothy, (1734-1807) 

1769. Fixed air dissolves iron, producing chalybeate water, 
108 

Lambert, Bertram. Properties of pure iron, 533 
Lassone, Joseph Marie Francois, (1717-1788) 

1776. Discovery of carbonic oxide, 137 
Laurent, Auguste, A, 1807, Langres ; d., 1853, Paris 
1837. On nuclei, 415 

1846. Hydrogen and chlorine as compounds, 421 
1854. Chemical Method (issued after his death by Biot, tr. 
Odling, 1854). Acids as hydrogen-salts, 249 

LAVOISIER, Antoine Laurent, A, 1743, d.^ 1794, Paris, a 
victim of the French Revolution 

1772. Sulphur and phosphorus gain in weight when burnt, 
168, 178 

1772. “ Destruction of the Diamond by Fire,” 99 
1774. Calcination of Tin in Closed Vessels,” 35 
1774. Physical and Chemical Essays (Opuscules Physiques et 
Chimiques). Fixed air formed in reduction of red 
lead by charcoal, 95 

t 775 - “The Nature of the Principle which combines with 
Metals during their Calcination and which increases 
their Weight.” (Nov. 1774) Fixed air from red pre- 
cipitate and charcoal, 97 ; eminently respirable air 
from red precipitate alone, 97 ; fixed air an oxide of 
charcoal, 98 

1776. “Existence of Air in Nitrous Acid and on the means of 

Decomposing and Recomposing this Acid.” Com- 
position of nitric acid, 199 ; decomposition of nitric 
acid in presence of mercury, 200 ; combination of 
nitric oxide and oxygen, 200 

1777, “Combustion of Kunkel’s Phosphorus,” 178; phos- 

phoric acid, 179 

1777. “Dissolution of Mercury in Vitriolic Acid and its reso- 
lution into Gaseous Sulphurous Acid and eminently 
respirable air.” Composition of sulphuric acid, 168 
1777. “ Vitnolisation of Martial Pyrites.” Oxidation of pyrites 
*74 
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1777. “On Combustion in General” Oxygen theory of com- 
bustion, 42 

1777. “The Nature of Acids and the Principles of which they 

are composed.” The oxygen-theory of acids, 42, 176, 
246, 248 ; the name oxygen, 43 

1778. “Memoir on Heat” by Lavoisier and Laplace; con- 

tinued during the winter, 1 783-1 7S4 ; an important 
physical memoir, containing a description of the ice- 
calorimeter 

1783. “ Memoir to prove that Water is not a Simple Substance 

but that it is susceptible of Decomposition and Recom- 
position” (1777) No acid formed by burning inflam- 
mable air in common air or (1781) in oxygen, 117 ; 
(1783) pure water prepared by burning hydrogen and 
oxygen, 117 ; water produced by reduction of metal- 
lic calces, 124 ; combustion of charcoal and composi- 
tion of fixed air, 145 

1784. “Decomposition of Water,” by Meusnierand Lavoisier. 

Steam decomposed by red-hot iron, 118 
1784. “ Combination of Oxygen with Spirit of Wine, Oil, and 
different Combustible Bodies.” Water produced by 
burning spirit of wine, 386 ; composition of spirit of 
wine, of olive oil and of a candle, 146, 386 
Also several memoirs on combustion, respiration and the 
theory of phlogiston 

1789. Elementary Treatise (Traite Elementaire de Chimie). 
Calcination of mercury, 40 ; list of thirty elements, 
449 ; alkalis as compounds, 257, 280; salts as com- 
pounds of two oxides, 394 ; organic compounds con- 
tain oxygen, carbon, and hyclrogcn, with nitrogen 
and phosphorus, 386 ; composition of organic acids, 
387, 398 ; use of quantitative methods, 297 ; vinous 
fermentation and the conservation of mass, 388 ; 
chemical equations, 38 8 

All quotations are translated from the complete Works 
{Oeuvres de Lavoisier) published in six volumes, 1842-1893 

Lavoisier, Guyton de Morveau, Berthollet and 
Fourcroy 

1787. Chemical Nomenclature ( M^thode de Nomencla- 
ture Chimique, tr. 1788). Nomenclature of salts, 
17 ; carbon, 98 ; carbonic acid and carbonates, 103 ; 
hydrogen, 117; nitric acid and nitrates, 198, 199; 
oxygen, 42 ; “ oxygenated muriatic acid ” (chlorine), 
215; phosphoric acid and phosphates, 179; phos- 
phorous acid and phosphites, 180 ; prussic acid and 
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prussiates, 243 ; sulphuric acid and sulphates, 163 ; 
sulphate of potash, 18 ; sulphurous acid and sulphites, 
164 ,* sulphuretted hydrogen, 17 1 ; sulphurets or 
sulphides, 172 

All quotations are from the contemporary English translation 
(1788) 

LIEBIG, Justus von, A, 1803, Darmstadt ; </., 1873, Munich. 
Professor of Chemistry at Giessen and Munich 

1825 i Fails to recognise bromine as an element, 242 

1831. “A new Apparatus for the Analysis of Organic Bodies.” 

Combustion with copper oxide, 394, 395 ; potash bulbs, 

1832. “On the Radical of Benzoic Acid” by Liebig and 

Wohler, 399. Benzoyl chloride, 407 

1834. “ Constitution of Ether.” The ethyl radical, 402 

1835. “Products of the Oxidation of Alcohol.” Preparation 

of aldehyde, 412 
1837. Unites with Dumas, 405 

1839. “ Constitution of Ether and its Compounds.” Radicals 
NH2, NH„ NH4 ; C2H3, C2H4, C2H5, 405 

Lully, Raymond, A, 1235, Majorca; d., 1315, Tunis. Puri- 
fication of alcohol, 387 ; preparation of ether, 387 
Macquer, Pierre Joseph, A 1718 ; d. 1784, Paris 
1776. Water products by burning inflammable air, 1 10 
Malaguti, Faustino Jovita (1802-1878) 

1837. Chlorinated ether, 410, 41 1, 412 
Margraaf, Andreas Sigismund, b. 1709 ; d. 1782, Berlin 
1748. Calcination of chalk, 49 
1750. Gypsum from oil of vitriol and chalk, 16 
Marignac, Jean Charles, A 1817, 1894, Geneva 

i860. Suggests small variations in composition of com- 
pounds, 302 ; supports Proufs hypothesis, 485 
Mayow, John, A 1645, Cornwall ; d, 1679, London. Doctor 
of Medicine 

1674. Medico-physical Works (A.C.R., XVII.). Action of 
oil of vitriol on nitre, 22 ; damp gunpowder burned 
under water, 32 ; nitro-aerial spirit, 32 ; volume 
of air diminished by combustion and respira- 
tion, 34 ; its elasticity not impaired, 322 ; arti- 
ficial gases collected over water, 65 ; their 
elasticity equal to that of air, 322 ; volatile alkali 
displaced by fixed alkali, 56, 58 ; volatile acid dis- 
placed by fixed acid, 22, 58, 498 ; salts still contain 
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acid and alkali, 394 ; sulphur from marcasite or 
pyrites, 14, 162 

Mendel^eff, Dmitrij Iwanowitsch, b. 1839, Tobolsk, 
Siberia ; d. 1907, St. Petersburg. Professor of Chemistry at 
St. Petersburg 

1869. On periodicity, 458 ; unknown elements, 458 
1871. The periodic law, 459 ; typical elements, 460 ; series or 
short periods, 460 ; odd and even series, 460 ; transi- 
tion series, 461 ; long periods, 461 ; periodicity of 
valency, 460; atomic weights of Be, 474, In, CJr, 
475, Au, 476 ; specific heat of indium, 475 ; missing 
elements, 476, 478 ; eka-boron, eka-aluminium, eka- 
silicon, 477, 478 ; horizontal and diagonal relation- 
ships, 479 

Meyer, Johann Friedrich (1705-1765) 

1764. Sulphuretted hydrogen inflammable, 171 
Meyer, Lothar (1830-1895) 

1864. Valency, 434 

1869. On periodicity, 458 ; periodicity of valency, 469 ; atomic 
volume curve, 470 ; atomic weight of indium, 475 ; 
and uranium, 475 
Meyer, Victor (1848-1897) 

1879-89. Vapour density of Zn, KI, CU2CI2, ZnCl2, Sn^C^, 
361 

Mitscherlich, Eiliiard (1794-1863). Pupil of Berzelius ; 
Professor of Chemistry at Berlin 

1819. Isomorphism of arsenates and phosphates, 368 
1821. Isomorphism of sulphates of Ca, Mg, Mn, Fe, Cu, Zn, 
Co, Ni, and of spinels containing Cr, Mn, Fe, Al, 

372 

1828. Isomorphism of sulphates and selenates, 371 
1832. Isomorphism of potassium permanganate and per- 
chlorate, of potassium manganate with the chromate, 
sulphate, and selenate, 371 
Moissan, Henri (1852-1907) 

1886. Isolation of fluorine, 252 
Mond, Ludwig. Vapour-chemistry of nickel carbonyl, 361 
Monge, Gaspard (1764-1818) 

1781. Combination of hydrogen and oxygen, 120 
Morley, E. W. 

1895. Densities of hydrogen and oxygen ; combining volumes 
of hydrogen and oxygen, 334 composition of water, 

128-133 

Moseley, H. G. J* High-frequency spectra of the elements, 
487 
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Nernst, W. Atomic heat of carbon, 366 
Nernst and Wartenburg 
1906. Dissociation of steam, 535 
Neumann, Franz Ernst (1798-1895) 

1831. Molecular heats of compounds, 367 
Newlands, J. a. R. 

1864. Relations between equivalents, 454 ; missing elements, 

454 

1865. The law of octaves, 456 ; atomic weight of beryllium, 

474, indium, 475, and uranium, 475 ; multiples of 
oxygen, 483 

1878. Atomic numbers, 456, 485 
Newton, Sir Isaac (1642-1726) 

1704. Diamond combustible, 99 ; On atoms, 292, 389 
Nicholson and Carlisle 
1800. Water decomposed by electrolysis, 272 
Nilson, Lars Fredrik (1840-1899) 

1879. Discovery and properties of scandium, 477 
1884. Vapour-density of beryllium chloride, 475 

1888. Vapour density of ferrous chloride, 361 

1889. Vapour density of aluminium chloride, 361 

Odling, William 

1855. Multiple types and mixed types, 429; graphic repre- 
sentations of substitution-values, 436 

1864. Perissads and artiads, 442 

1865. Vapour-density of aluminium, methyl and ethyl, 361 

Pebal, Leopold von (1826-1887) 

1862. Dissociation of sal-ammoniac, 521 
Pelletier, Bertrand, b. 1761, Bayonne; d. 1797, Paris. 

1785. Preparation of phosphorus, 177 

Preparation of baryta, 141 

Pelouze, Theophile Jules (1807-1867) 

1843. Prout’s hypothesis modified, 485 
Playfair and Wanklyn 

1862. Vapour-density of acetic acid, 522 ; nitrogen peroxide, 

524 

PRIESTLEY, Joseph, A 1733, near Leeds; d, 1804, North- 
umberland, U.S.A. Priestley's papers, many of which appeared 
first in the Philosophical Transactions of the Royal Society, were 
published in six volumes as follows : Experiments and Observa- 
tions on different kinds of Air^ Vol. I. (1774), VoL IL (i77S), 
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Vol. III. (1777). Experiments and Obserrifations Relating to 
Various Branches of Natural Philosophy ^ with a Continuation 
(f the Observations on Air (1777) ; ditto, Vol. II. (1781), with an 
index to both the Volumes, and a “Summary View of all the 
most remarkable facts in this and the four preceding volumes” ; 
Vol. III. (1786). In the text, following the method adopted in 
Priestley's Summary, the six volumes are quoted by consecutive 
numbers I. to VI. The experiments on the “Discovery of 
Oxygen” are quoted from A.C.R. VII. 

Experiments on Air, Vol. I. (1774) 

1772. Apparatus for manipulating gases, 86 

1772. “Observations on Air in which Candles have Burned.” 

Sulphur burned in air over mercury, 168 
1772. “ Of Nitrous Air.” 72. Nitrous air mixed with common 
73 » goodness of air, 74 ; diminished nitrous air 
(nitrous oxide), 77 

1772. “Of Air Infected with the Fumes of Burning Char- 
coal.” Fixed air produced by burning charcoal in 
air over water, 95 

1772. “Of Acid Air” (i.e. hydrogen chloride), 82 
1773-4. “Observations on Alkaline Air” (f.6% ammonia), 82. 
Alkaline air inflammable, 258 ; sal-ammoniac from 
acid air and alkaline air, 83 ; sal-volatile from fixed 
air and alkaline air, 84 
Experiments on Air, Vol. II. (1775) 

1774. “ Of Vitriolic Acid Air.” Preparation from vitriol and 
olive-oil or mercury, 164 

1774. “Of Dephlogisticated Air, and of the Constitution of 
the Atmosphere.” Water and air as simple elemen- 
tary substances, 112; discovery of oxygen, 39 ; 
nitrous air reduced by iron, 187 ; action of electric 
sparks, acid air decomposed, 224 ; alkaline air 
decomposed, 258 

Experiments on Air, \'ol. III. (1777) 

1776. Eudiometers, 75,90; production and nature of gases, 
70 ; expansion of gases by heat. 327 ; nitrous air 
dissolved by green vitriol, 72 ; properties of “nitrous 
acid vapour” (nitrogen peroxide), 76, 525 ; properties 
of “vitriolic acid air,” 106 
Experiments, Vol. IV. (1779) 

“ Of the Volatile Vitriolic Acid and Vitriolic Acid Air.” 
Oxidation to oil of vitriol, 167 ; liberation of sulphur, 
168 

“ Of the Effect of the Electric Spark on Common Air.” 
Air diminished by sparking, 187, 189 
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Experiments^ Vol. V. (1781) 

Moisture produced by exploding common air and 
inflammable air, 113 
Experiments^ Vol. VI. (1786) 

1785. “ Experiments Relating to Phlogiston.” Metallic calces 

reduced by inflammable air, 123 
“Experiments and Observations Relating to Air and 
Water ” An inflammable gas from “ finery cinder” 
and charcoal, 138 

1786. Iron heated in nitric oxide, 194 
Philosophical Transactions only 

1788. “Experiments and Observations on Acidity, Decom- 
position of Water and Phlogiston” (two papers, not 
reprinted). Nitrate of copper formed in an explosion 
• vessel, 188 

Proust, Joseph Louis, b. 1755, d. 1826, Angers. Professor 
of Chemistry at Madrid 

1799-1802. Law of Fixed Proportions, 297 ; composition of 
carbonate of copper, 298 ; of two sulphides of iron, 
298 

1806. Fixed proportions as a test of chemical combination, 
300 

Prout, William (1786-1850). Doctor of Medicine, practising 
in London 

1815. “ Prout’s hypothesis,” 480 ; density of hydrogen, 481 

1816. Hydrogen as “protyl,” 482 

Ramsay, Sir William 

1895. Preparation of argon, 192; properties of inert gases, 
354 

Ramsay and Gray 

1911. Atomic weight of Niton, 467 
Ramsay and Reynolds 

1887. Properties of purified zinc, 533 
Rayleigh, Lord 

1888. Densities of gas, 128 

1895. Preparation of argon, 192 

Regnault, Henri Victor (1810-1878). Professor of Chem- 
istry in the Ecole Polytechnique and of Physics in the College 
of France ; director of the porcelain factory at Sevres. 

1835. Chlorination of ethylene, 412 ; mechanical types, 413 

Use of a counterpoise, 128 

Reich and Richter 

1863. Discovery of indium, 475 
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Rey, Jean, d. 1645 

1630. Tin and lead increase in weight on calcination, 26 
Richards, J. W. Measurement of atomic weights, 318 
Richards and Jackson. Atomic heats between 20'’ and 
- iSo"", 366 

Richards and Lembert. Variable atomic weight of lead, 303 
Richter, J. B., A, 1762, Schleswig; d. 1807, licrlin. Sidchio- 
niei?'ie (1792-1794) Ueber die neue 7 rn Gege/istande 
dcr Chyinie {^New Cheiiiical Topics) (1791-1802). 
Reciprocal proportions in the neutralisation of acids, 
310 

Rontgen, Wilhelm Conrad. Icc-molecules and water- 
molecules, 527 

Rouelle, Guillaume Francois, A 1703, nr. Caen ; d. 1770, 
nr. Paris 

1744. Definition of salt ; water of crystallisation, 25 

1754. Alkalis, earths and metals as bases, 25 
Rydberg, J. K. Chdinals, 493 ; number of the elements, 493 ; 

coronium and nebulium, 493 
Sage, Balthazar Georges (1740-1824) 

1777. Phosphorous acid, 179 

De Saussure, Morace Benedict, A 1740, d. 1799, Geneva 
1807, 1814. Analysis of alcohol and ether, 387 

SCHEELE, Karl Wilhelm, A 1742, Stralsund ; d. 1786, 
Kdping, Sweden 

1 777. O71 Air and Fire (trans. 1 780, repr. in part, A.C.R. \T 1 1 ) 
Air a mixture, 43 ; discovery of oxygen, 44 ; acids 
and gases derived from nitre, 198 ; fused nitre con- 
tains a weak acid, 199 ; decomposition of fulminating 
gold, 260 ; sulphuretted hydrogen (“stinking sulphur- 
eous air’’)) DC I 75 

Chemical Fssays^ (tr. from the IVansactions of the 

Academy of Sciences, Stockholm, by T. Beddoes, 
1786; translation repr. 1901, and in part A.C.R. XIII). 
All quotations are taken from the modern reprints. 

{a) 1771. “On Fluor Mineral.” Hydrofluoric acid, 234 
{b) 1774. Manganese.” Discovery of chlorine, 21 1 ; proper- 

ties of chlorine, 213 ; action on cinnabar, 226 ; am- 
monia oxidised by manganese, 258 ; and by chlorine, 
260 

(c) 1779. “On Plumbago.” Fixed air by combustion of plum- 

bago, 1 01 

(d) 1782. “On Prussian Blue.” Prussic acid, 242 

(e) 1770-86. Preparation of vegetable acids, 13 

HIST. CHEM. o O 
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Scott Alexander 

1887. Vapour density of Na, K, AgCl, PbCl^, CdBrg, CrCIs, 
MnCU, 361 

1893. Composition of water, 127 ; combining volumes of 
hydrogen and oxygen, 334 

Seebeck, Thomas Johann, b. 1770, Reval ; d. 1831, Berlin 
1808. Amalgam from ammonia, 265 
Smith, Alexander. Properties of dried calomel, 530 
SODDY, F. 

19 1 1. Chemistry of the Radio-elcmentSy 467 
1913. Isotopes, 468 

SODDY AND Hyman. Variable atomic weight of lead’ 303 
Stahl, George Ernest, b. 1660, Anspach ; d. Berlin. 

Theory of phlogiston, 31 

1702. Prepares a volatile acid from burning sulphur, 163 
1702. Oxidation of sulphites to sulphates, 164 

STAS, Jean Servais, b. i8i3» Louvain ; d. 1891, Brussels 
1841. “Researches on the True Atomic Weight of Carbon” 
by Dumas and Stas. Composition of carbonic 
anhydride, 148 ; combustion of cinnamic acid, 373 
1849. New Researches on the True Atomic Weight of 
Carbon.” Composition of carbonic oxide, 151 
1860-82. Combining weights of nitrogen, sulphur, chlorine, 
bromine, iodine, lithium, sodium, potassium, lead, 
silver, 315 

i860. “ Researches on the Reciprocal Relations of the Atomic 
Weights.” Combining weights of Ag, Cl, K, Na, N, 
S, Pb, 316 ; law of multiple proportions verified by 
Stas’s analyses, 308; Prout’s hypothesis an illusion, 484 
1865. “ New Researches on the Laws of Chemical Propor- 
tions, on Atomic Weights and their Mutual Rela- 
tions.” Tests the law of fixed proportions, 301, and 
reciprocal proportions, 317 

1876-81. “Determination of the Proportional Relation between 
Silver, the Chlorides, and the Bromides.” Com- 
bining weights of K, Na, N, Ag, &c., 316 
1887. Prout’s hypothesis recognised, 485 
All quotations are from the complete Works {Oeuvres 
Completes) published in 3 volumes in 1894. 

Strutt, Hon. R. J. 

1901. Prout’s hypothesis and the law of probability, 485 
Sutherland, W. Ice, water, and steam, 527 

Tamman, Gustav. Light ice and dense ice, 528 
Taylor, Philips. Spirit of wood, 404 
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Tennant, Smithson, 1761, Wensleydale ; d. 1815, Boulogne. 
Professor of Chemistry at the University of Cambridge 

Carbon from fixed air by action of phosphorus on 

chalk, 99 

1797. Diamonds burned with saltpetre, 99 
Tennant, Charles 

1799. Bleaching- powder, 228 

Thomson, Thomas, A 1773, Crieff; d. 1852, Kilmun, Argyle- 
shire. Doctor of Medicine, and Regius Professor of Chemistry 
at Glasgow 

1830-1831. History of Chemistry^ 305 

1808. Multiple proportions in oxalates of potassium and 
strontium, 305 

1813. Atomic weights as multiples of oxygen, 482 
1825. Attempt to Establish the First Principles of Chemistry 
by Experiment^ 483 

Valentine, Basil. Said to have been a monk living in the 
fifteenth century, but this is very doubtful as his 
works did not appear until the beginning of the 
seventeenth century 

1624. T riumphal Chariot of A nti mony ( t r. 1661) 

Last Will and Testament (tr. 1656). Preparation of 

oil of vitriol, 13, 163; of “vitriols” from metals, 
17; of sugar of lead and acetate of copper, 20 ; 
caustic alkali, 54 
Veley, V. H. 

1889, 1898. Properties of pure nitric acid, 533 
1893. Properties of dry gases, 533 

Volta, Alessandro, b, 1745, d, 1827, Como. Professor 
of Physics at Como and at Pavia 

1776. Letters on the Inflanuuable A ir of Marshes. 1 ) i sco very 

of marsh-gas, 156; explosion of marsh-gas with air, 
156 

1790, Volta’s eudiometer, 122 
j8oo. Voltaic pile, 271 

Wanklyn, J. a. 

1869. Sodium fused in dry chlorine, 533 
Weber, Heinrich Friedrich 
1875. Atomic heat of boron, 366 
Wenzel, Karl Friedrich (1740-1793) 

1777. Lehre von der Verwandtschaft der Korper (Theory of 

Affinity) Fails to discover law of reciprocal 
proportions, 31 1 
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Williamson, Alexander W., b. 1824, Wandsworth ; d. 1904, 
Haslemere. Professor of Chemistry at University College, 
London 

1852. “Theory of Etherification,” 423; mixed ethers, 424; 
the water type, 424 

1852. “On the Constitution of Salts.” Multiple types, 425, 
427, 42S ; combining power of carbonic oxide, 435 
Winkler, Clemens Alexander. Professor of Chemistry at 
Freiburg 

1886. Discovery and properties of germanium, 477, 478 
Wohler, Friedrich, b. 1800, nr. Frankfort ; d, 1882, Gottingen. 
Professor of Chemistry at Gottingen 

1827. Preparation of aluminium, 288, 399 

1828. Synthesis of urea, 399 

1832. “On the Radical of Benzoic Acid,” by Wohler and 
Liebig, 399 ; benzoyl chloride, 407 
1840. S. C. H. Windier on substitution without change of 
type, 414 

Wollaston, William Hyde, A 1766, East Dcreham ; d, 182.^, 
London. Doctor of Medicine 

i 8 o 3 . Multiple proportions in oxalates, carbonates, and 
sulphates, 306 

WuRTZ, Karl Adolph, A 1817, Strassburg ; d. 1884, Paris. 
Professor of Organic Chemistry at the Sorbonne, Paris 

Chemistry a French science, 34 

1849. Methylamine and ethylamine, 422 

1873. Vapour-density of phosphorus pentachloride, 523 
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Acetamide, 440 
Acetate of copper, 20 
of lead, 20 
of lime, 20 
of magnesia, 21 
of soda, 20 
Acetates, 20 
Acetic acid, 12 
• composition of, 
dissociation of, 522 
formula of, 393 
structure of, 430, 440 
vapour-density of, 522 
anhydride, 419, 432 
ether, 402, 417 
Acetyl compounds, 432 
radical. 405, 409, 430. 431 
Acid, acetic, 12, 391, 393 
-air, 82 

-anhydrides, 250, 419, 432 
benzoic, 13, 393 
boric, 288 
butyric, 430 
chlorosulphonic, 430 
citric, 13, 391, 393 
formic, 430 
gallic, 393 
hydriodic, 239 

dissociation of, 239 
hydrochloric, 218 
hydrofluoric, 234 
lactic, 13 


Acid, mucic, 39X, 393 
muriatic, 14, 215 
nitric, 14 
nitrobenzoic, 4 31 
oxalic, 13, 39 r, 393 
propionic, 430 
prussic, 242 
-spirit of nitre, 14 
siiccinonic, 393 
sulphovinic, 402 
sulphuric, 13 
tartaric, 13, 391, 393 
trichloracetic, 411 
uric, 13 
Acids. 12 

action of, on alkalis, 15 
on chalk, 15, 52 
on metals, 16 
on insoluble salts, 50 
anhydrides of, 250, 419, 432 
hydro-, 246 

organic, composition of, 391 
formulae of, 393 
oxy-, 246 
strength of, 21 
veeetable, 12 
without oxygen, 176 
Actinium, 493 
Aerial acid, 10 1 
Affinity, laws of, 31 1 
chemical, 501 
tables of, 499 
theory of, 31 1 

Air absorbed in combustion, 32 
an elastic fluid, 320 
an element, 112 
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Air, composition of, 19 1 
condensation of, 324 
density of, 67 
dephlogisticated, 40 
diminished by breathing, 34 
by phosphorus, 43 
by rusting iron, 43 
by sparking, 189 
elastic force of, 322 
eminently respirable, 40 
factitious, 65 
fixed, 50 
goodness of, 74 
inflammable, 06 
-measure, Priestley’s, 74 
nitrous, 72 
phlogisticated, 31 
-pump, Boyle’s, 32 
rarefaction of, 324 
spring of the, 320 
vital, 40 

Alchemistic Period, i 
Alcohol, action of sulphuric acid 
on. 154 

analysis of, 387, 388 
chlorination of, 408 
oxidation of, 412 
purification of, 387 
structure of, 401 
vapour-density of, 401 
Aldehyde, 412, 438 
Alkaline air, 82 

decomposed, 237 
earths as oxides, 280 
decomposed by electric 
current, 281 
Alkalis, 3 

caustic, 53, 54 
mild, 53, 54 

regarded as elements, 257 
Allotropy, loi 
Alum, 288 
Alumina, 60, 288 
Aluminium, 288 

chloride, dissociation of, 361, 
380 

Alums, isomorphism of, 370 
Amalgam from ammonia, 265 
Amber, 6 

Amide-radical, 401 


Amines, primary, secondary, 
and tertiary, 423 
Ammonia, 57 
composition of, 263 
decomposed by electric cur- 
rent, 265 

by sparking, 258, 262 
dissociation of, 517 
gas collected by Priestley, 82 
inflammable, 258 
oxidised by calx of gold, 259 
by “ manganese,” 258 
by nitric acid, 261 
properties of, 83 
solid, 287 

supposed to contain oxygen, 
264 

Ammonium, 267 
amalgam, 265 
carbamate, 269, 519 
structure of, 430 
chloride, 267 

a molecular compound, 442 
dissociation of, 528 
hydroxide, 287 
nitrate, decomposition of, 79 
oxide, 287 • 

salts, vapour-densities of, 519 
Amphi-salts, 247 
Analysis, qualitative, 512 
quantitative, 512 
Anhydrides of organ fc acids, 419^ 
432 

Aniline, 433 

Apparatus for calcining metals 
in air over mercury (Lav- 
oisier), 34 

for collecting gas from red 
lead and charcoal(Lavoisier), 
Qb 

for combining nitric oxide and 
oxygen (Gay-Lussac), 196 
for combustion of carbonic 
oxide (Stas), 152 
of graphite and diamond 
(Dumas and Stas), 149 
of hydrogen and oxygen 
(Cavendish), 114 
of hydrogen and oxygen 
(Morley), 131, 132 
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Apparatus for combustion of 
organic compounds, 391, 
392, 395 

of spirit of wine (Lavoisier), 

147 

for composition of nitric oxide 
(Gray), 207 

of water (Dumas), 126 
for decomposing water by iron 
(Lavoisier), 119 
for density of oxygen (Morley), 
129 

for expansion of gases by heat 
(Gay-Lussac), 328, 329 
for experiments on gases 
(Hales), 85 ; (Priestley), 85 
for exploding hydrogen and 
oxygen (Cavendish), 115 ; 
(Monge), 120 

for heating mercury in air 
(Lavoisier), 41 

for measuring goodness of air 
(Priestley), 75 

for preparing fluorine (Mois- 
san), 252 

vitriolic acid air (Priestley), 
165 

for proving dissociation of sal- 
ammoniac, 521 

for separating gas from muri- 
atic acid (Cavendish), 82 
for sparking air over mercury 
(Cavendish), 189 
for studying gases (Mayow), 
33 

for weighing gases (Caven- 
dish), 68 
Aqua regia, 14 
fort is, 14 
Argon. 192 

Arsenic, atomic weight of, 351, 
355 

Artiads, 442 
Association, 527 
Atomic heat of boron, 18 
of carbon, 365 
Atomic heats, 364 

at high temperatures, 366 
at low temperatures, 365, 
366 


Atomics heats, law of, 362 
of solid elements, 365 
periodicity of, 471 
Atomic numbers determined by 
experiment, 487, 491 
(Newlands), 485, 486 
Atomic symbols (Berzelius), 295 
(Dalton's), 294 
Atomic theory, 291 
(Dalton’s), 292 
Atomic volume curve, 472 
volumes, periodicity of, 469 
weight of arsenic, 351, 355 
of beryllium, 474 
of carbon, 350 
of chlorine, 3/19 
of hydrogen, 347 
of indium, 475 
of mercury, 351 
of nitrogen, 349 
of oxygen, 348 
of phosphorus, 351 
of sulphur, 350 
of uranium, 475 
weights by Cannizzaro’s me- 
thod, 347 

correction of, 473, 476 
exact, 354 

of argon and potassium, 476, 
491 

of cobalt and nickel, 476, 
490 

of metals, 360 
of tellurium and iodine, 476 
Atomicity, 433. 

Atoms, 291 

indestructible. 292 
positions in space, 441 
Aurum Fulminans, 58 
Avogadro constant, 341 
Avogadro’s Hypothesis, 338 
an approximation, 346 
Azote, 186, 45 


B 

Balanced actions, 124, 498, 503, 
504, 508 
in gases, 510 
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Balanced actions, influence of 
precipitation, 504 
influence of vaporisation, 
508 

Barium, 281 

sulphate, structure of, 418 
Base, 17, 25 
Bases, organic, 433 
Benzamide, 400, 417 
Benzene, formula for, 440 
Benzoic acid, 13 
formula of, 393 
radical of, 399 
structure of, 431 
Benzoyl chloride, 400, 407, 417, 
418 

compounds, 400, 432 
radical, 399, 400 
Beryllium, atomic weight of, 474 
Bicarbonates, analysed by Berg- 
man, 109 

analysed by Cavendish, 109, 
69 

discovered by Black, 108 
Black-lead (see Graphite), loi 
Black oxide of manganese, 21 1 
Bleaching, 228 
-powder, 228 
Blue vitriol, 1 7 

Boiling-point of dry nitrogen 
peroxide, 530 
of nitrous anhydride, 530 
Borax, 288 
Boric acid, 288 
Boron, 288 
Boyle’s Law, 325 
Bromine, 240 
properties of, 241 
Bronze, 7 
Age, 7 

Burning, air diminished by, 34 
-glass (Lavoisier), 100, 34 ; 

(Mayow), 33 ; Priestley, 39 
Butyric acid, 430 

C 

Calces, 26 

metallic, reduced by charcoal, 
95 > 139 

by hydrogen, 123 


Calces, metallic, reduced by po- 
tassium, 277 
Calcination, 26 
of mercury, 40 
of tin in sealed flasks, 35 
Calcined tartar, 3 
Calcium, 281 
chloride, 282 
fluoride, 283 
hydroxide, 283 
oxide, 283 
sulphate, 21 
Calc-spar, 105 
Calomel, 225 

Calomel, dissociation of, 380, 529 
Calx of gold, 259 

of zinc reduced by charcoal, 

Caput mortuum, 60 
Carbohydrates, 390 
Carbon, 98 
allotropy of, loi 
atomic weight of, 350 
compounds, isomerism of, 441 
perchloride of, 407 
quadrivalent, 437, 438 
skeleton, 439 

tetrahedral formula for, 441 
Carbonated baryta reduced by 
charcoal 
by iron, 140 
Carbonates, 103 
isomorphism of, 369 
reduction of, 140, 141 
Carbonic acid, 103 
anhydride, 103, 251 
composition of, by volume, 

143 

by weight, 145 
decomposed by sparking, 
144 

dissociation of, 516 
reduced by charcoal, 142 
Carbbnic oxide, combustion of, 
by copper-oxide, 15 1 
composition of, by weight, 

151 

by volume, 143 
density of, 139 
discovery of, 137 
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Carbonic oxide from carbonic 
anhydride and charcoal, 
142 

from smithy scale, 138 
from steam and charcoal, 
142 

preparation from oxalic acid, 

151 

prepared by reducing car- 
bonates, 140, 14 1 
and oxygen do not explode 
when dry, 531 
Carbonyl chloride, 440 
Caustic potash isolated, 55 
Chalk, 5, 48 

action of acids on, 52 
burning of, 49 
composition of, 378 
dissolved by fixed air, 103 
formula of, 379 
not dissolved by liquid hydro- 
gen chloride, 533 
Charcoal, absorption of gases by, 
149 

fixed air production from, 95 
heated in dry oxygen, 531 
purification of, 149 
purified by chlorine, 219 
Charles’s Law, 327 
Chemical affinity, laws of, 501 
change, conditions of, 528 
change as reversed electrolysis, 
534 

combination, laws of, 296 
compounds, 301 
equations, 389 
Chile saltpetre, 19 
Chloral, 408 
Chlorate of potash, 227 
Chloric acid and chlorates, 228 
Chlorides metallic, 225 
Chlorine, 212 
an element, 220 
as an oxide, 213, 218, 222 
atomic weight of, 3;^9 
discovery of, 21 1 
displaces sulphur and oxygen, 
226 

dry, does not attack sodium 
or other metals, 533 


Chlorine not an acid, 214 
not decomposed by charcoal, 
219, 221 

plays the part of hydrogen, 
410 

properties of, 212 
radical, 420 

-water, decomposed by light, 

213 

Chlorosulphonic acid, 430 
“ Choke-damp,” 64 
Citric acid, 13 

composition of, 391 
formula of, 393 

Classification of the elements 
(Davy), 430; (Dumas), 
432; (Lavoisier), 449; 
(Mendel6efi), 457, 463; 
(Newlands), 435 
metals and non-metals ; 

451 . 

periodic, 462 
Clay, 288 
Coal gas, 138 
Colcothar, 13, 60 
Combination, chemical, 301 
Combining-power, 434, 433 
volumes of hydrogen and 
nitrogen, 335 
and oxygen, 113, 12 1, 127, 

130, 330 

weights, 312 

Combustion in dry gases, 331 
of a candle, 146 
of charcoal, Lavoisier's, 145 
of hydrogen and oxygen, 117, 

131 

of olive oil, 146 
of organic compounds, 388, 
391. 392, 395 
of phosphorus, 178 
of spirit of wine, 146 
oxygen and chlorine as sup- 
porters of, 430 
tube, Morley’s, 131 
with copper oxide, 394 
Common differences, Dumas’s, 
454 

Complex molecules of gaseous 
elements, 338, 352 
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Composition by volume of am- 
monia, nitric oxide and 
muriatic acid, 342 
of ammonia, sulphuric acid, 
carbonic anhydride, 331 
of hydrogen chloride, 335 
of oxides of nitrogen, 332. 
of sal-ammoniac and sal- 
volatile, 331 
of water, 341 
of air, 191 
of ammonia, 263 
of artificial sulphide of iron, 

174 

of carbohydrates, 390 
of carbonic anhydride by 
volume, 143 

of carbonic anhydride by 
weight, 145, 148 
of carbonic oxide by volume, 

143 

of chalk, 378 
of fulminating gold, 261 
of iron pyrites, 174 
of lead nitrate, 379 

sulphate, 314." 374, 375, 377 
and sulphide, 317 
of muriatic acid, 216 
of nitric acid, 199, 202 
of nitric oxide, 194, 207, 332 
of nitrogen peroxide, 195 
of nitrous oxide, 193 
of oils and resins, 391 
of olefiant gas, 155 
of organic acids, 391 
of oxides of copper, 307 
of iron, 307 
of lead, 307 
of sulphur, 307 
of potassium chlorate, 315,377 
of prussic acid, 243 
of sal-ammoniac, 264 
of silver chloride, 354 
and chlorate, 317 
of silver iodate and iodide, 317 
of slaked lime, 283 
of sugar, starch and wood, 390 
of sulphides of iron, 307 
of sulphuretted hydrogen, 171 
of sulphurous anhydride, 168 


Composition of the alkalis, 283 
of water, 120, 122, 124, 125, 
127. 128, 133, 415 
Compound ethers, 401 
organic radicals, 398 
radical, 245 

acetyl, 405, 409, 430, 431 
amide, 401 
ammonium, 267 
amyl, 422 
benzoyl, 399 
butyryl, 430 
carbonyl, 431 
cyanogen, 245, 399 
ethyl, 402, 431 
formyl, 430 
methyl, 404, 431 
methylene, 404 
phenyl, 422 
picramyl, 409 
propionyl, 430 
sulphuryl, 428, 429, 430, 439 
radicals, metallic and non- 
metallic, 270 

Compounds, copulated, 433 
heterogeneou 55 , 421 
homogeneous, 421 
molecular, 441 
Condensation, 418 
Conjugated radicals, 430 
Conservation of mass, 389 
Copper, 7 

gain in weight on burning, 28 
native, 7 

nitrate formed in an explosion- 
vessel, 188 

oxide reduced by hydrogen, 

125 

use of. in combustion of 
organic compounds, 394 
water not decomposed by, 
118 

Copulated compounds, 433 
Coupling, 417 
Corrosive sublimate, 225 
Counterpoise, used by Regnault, 
128 

Crystal, 6 

Cyanogen chloride, 243, 255, 

407 
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Cyanogen gas, 245 
radical, 245, 399 

D 

Density of carbonic oxide, 139 
of gases, 340, 345 
of hydrogen, 129, 481 
of nitrogen, nitric oxide, and 
oxygen, 337 
of oxygen, 128 
Dephlogisticated air, 40 
marine acid (chlorine), 212 
Diamond, 5 
allotropy of, loi 
combustion of, 99 
Diatomic gases, 352 
radicals, 433 
Didymium, 303 

Diminished nitrous air (nitrous 
oxide), 77 
Dimorphism, 381 
Dissociation, 514 
of acetic acid, 523 
of aluminium chloride, 361, 
380 

of ammonia, 517 
of ammonium chloride, 521 
of calomel, influence of moist- 
ure on, 529 

of carbonic anhydride, 516 
of dry nitrous anhydride, 530 
of ferric chloride, 361, 380 
of ferrous chloride, 361, 380 
of hydriodic acid, 239 
of nitrogen peroxide, 525 
of sal-ammoniac, intiuence of 
moisture on, 528 
of stannous chloride, 361, 380 
of water, 515, 535 
Dissolution, 301 
Dualistic theory, 394 
Dulong and Petit’s Law of 
Atomic Heats, 362 
Dutch Liquid, 155 

E 

Earths prepared from salts, 57 
Ekaaluminium, 476 


Ekaboron, 476 
Ekamanganese, 478 
Ekasilicon, 476 
Elastic fluids, 71 
Electric batte]^, 272, 273 
in dissolution of metals, 534 
current, 271 

decomposes alkaline earths, 
287 

ammonia, 265 
potash, 273 
salts, 273 
soda, 278 
water, 272 

Electro-chemical theory, 397 
Electrolysis, chemical change as 
reversed, 534 
Elements, 112 

and compounds, 221 
Boyle’s views on, 448 
classification of (Davy), 450; 
(Dumas), 452 ; (Lavoisier), 
449 ; (Mendeleeff), 457, 462 ; 
(Newlands), 455 
four, of Aristotle, 162, 448 
molecular complexity of, 338, 

352 

weights of, 352 
symbols for, 295, 296 
Elixir of life, 2 
Emerald, 6 

Empirical formulae, 373 
of salts, 374 
Epsom salts, 59, 19 
Equivalent of chlorine, 316 
of potassium, 31O 
of silver, 316 

Equivalents, 310, 31 1, 312, 313, 
3 ^ 4 , 315 

and atomic weights, 314 
determined by Stas, 315 
of acids and bases, 3 1 1 
relations between, 454 
table of, 313 
Ethane, 431 
Ether, acetic, 402 
analysis of, 387, 388 
chlorination of, 410 
hydrochloric, 402 
preparation of, 387 
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Ether, structure of, 401 
sulphuric, 402 
vapour-density of, 401 
Etherification, 423 
Ethers, compound, 401 
mixed, 424 
Ethylamine, 422 
Ethyl chloride, 402, 427, 432, 
440 

compounds, 403, ^32 
radical, 402 
Ethylene, 155 
chloride, 155 

chlorination of, 407 
preparation from alcohol, 387 
Eudiometer, 75 

Priestley’s, 90; Volta’s, 122, 

123 

Even series, 460 

Expaqsion of gases by heat, 325, 

327 

F 

Fats, 6 

Fermentation, vinous, 388 
Ferric chloride, dissociation of, 
361, 380 

Ferrous chloride, dissociation of, 
361, 380 

Finery cinder, reduced by char- 
coal, 138 
Pdre-air, 44 
“ Fire-damp,” 64 
Fixed air, 50 

a product of combustion, 94 
an acid, loi 
an oxide of carbon, 97 
density of, 67 

dissolves chalk and mag- 
nesia, 103 
dissolves iron, 107 
dissolves zinc, 103 
from burning charcoal, 95 
from combustion of dia- 
mond, 99 
of graphite, 10 1 
from mercuric oxide and 
charcoal, 97 

from red-lead and charcoal, 
96 


Fixed air from reduction of 
calces, 95 
in chalk, 50 
in common air, 51, 94 
in magnesia, 94 
in mild alkalis, 53, 94 
in sal- volatile, 56, 94 
in water, 51, 94 
not produced by combustion 
of hydrogen, 116 
produced by breathing, 385 
by burning charcoal, 386 
by fermentation, 386 
properties of, 94, 385, 386 
quantity of, in various com- 
pounds, 69 
reddens litmus, 102 
solubility of, 70 
Fixed proportions, 296 

as a test of chemical com- 
bination, 300 
Flame in vacuo, 30 
Fluids, elastic, 71 
Fluorine, 233 
isolation of, 252 
Fluor-spar, 233 
crystals of, 234 
Formic acid, 430 
l‘'ormula of chalk, 379 
of cinnamic acid, 373 
of lead nitrate, 380 
of lead oxide, sulphide and 
sulphate, 374 

of potassium chlorate, 378 
Formulae, empirical, 373 
graphic, 439 
molecular, 373 
of salts, 374 

of volatile compounds, 352 
structural, 439 
Fuller's earth, 5 
Fulminating gold, 58, 260 
composition of, 263 

G 

Galena, crystal of, 173 
Gallic acid, formula of, 393 
Gallium, 477 

Garnets, isomorphism of, 370 
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Gas pingue, 64 
sylvcstre, 64 

Gases, balanced actions in, 
Boyle's Law, 325 
Charles’s Law, 327 
collected over water, 65 
density of, 340, 345 
expansion by heat of, 325, 327 
Hales’ apparatus for experi- 
ments with, 84 
kinetic theory of, 324 
Mayow’s apparatus for collect- 
ing. 33. 84 

method of weighing, 68 
Priestley’s apparatus for work- 
ing with, 86 
work on, 70 
properties of, 320 
specific heats of, 333 
stored over mercury, 70 
Gay-Lussac’s Law of Volumes, 
334 

Generator for gases, 84 
Germanium, 478 
Glass, manufacture of, 0 
Glauber's salt, 18 
Gold, 7 

fulminating, 38, 260 
Graphic formulae, 439 
Graphite, combustion of, loi 
allotropy of. loi 
Green vitriol, 9, 17 
Gum, composition of, 390 
formula of, 393 
Gun-barrel, 88, 118 
Gypsum, 16, 18, 19 

H 

Hafnium, 492 
Halogens, 247 
Haloid salts, 247 
Hardness of water, 105 
permanent, 107 
temporary, 106 
Heat capacity of gases, 353 
Hepatic gas, 171 
Hot -cold tube (Deville’s), 516,517 
Hydracids, .247 
Hydrides, 227 


Hydriodic acid, 239 
properties of, 240 
Hydrocarbon, 155 
Hydrochloric acid and chlorides, 
218 

displaced by oxalic acid, 509 
Hydrocyanic acid and cyanides, 
'■^45 

Hydrofluoric acid, 234, 233 
Hydrogen, 117 

and oxygen do not explode 
when dry, 531 

as standard of atomic and 
molecular weights, 343 
atomic weight of, 347 
chloride, 218 

composition by volume, 222 
decomposed by sparking 
over mercury, 224 
, gas collected by, Priestley, 
82 

liquid, properties of, 533 
properties of, 82 
density of, 129, 481 
isotopes of, 4 08 
radical, 420 

removed without replacement, 
407 

theory of acids, 248 
Hydrol, 527 
Hydro-salts, 264 
Hypochlorous acid and hypo- 
chlorites, 228 
Hypoiodous acid, 254 

I 

Ice, light and dense, 528 
Illinium, 493 

Indestructibility of matter, 389 
Indicators, 15 

Indium, atomic weight of, 475 
Inflammable air, 66 
density of, 67 

Inorganic chemistry, develop- 
ment of, 383 
types, 422 
Iodic acid, 254 
anhydride, 254 
Iodide of nitrogen, 239 
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Iodides, metallic, 238 
Iodine, 237 
an element, 237 
chloride, 238 
discovery of, 235 
oxide, 238 
properties of, 236 
Iron, 7 
Age, 7 

dissolved by fixed air, 107 
gain in weight on burning, 28 
pure, does not act on copper 
sulphate, 533 

does not dissolve in acids, 
533 

does not rust, 533 
smelting of, 7 
water decomposed by, 118 
Isomeric change, 399 
Isomorphism, 368 
complete and incomplete, 381 
of alums, 370 
of carbonates, 369 
of garnets, 370 

of manganates, chromates, 
selenates and sulphates, 371 
of perchlorates and perman- 
ganates, 371 

of phosphates and arsenates, 
368 

of spinels, 382 
perfect and imperfect, 382 
Isomorphous mixtures, 370 
Isotopes, 468, ^94, 497 

K 

Kinetic Theory of Gases, 324 
Kopp’s Law of Molecular Heats, 
367 

L 

Lactic acid, 13 
Laughing gas, 77 
Law of fixed proportions, 296, 
297 

accuracy of, 301 
of isomorphism, 369 
applications of, 371 
exceptions to, 372 


Law of multiple proportions, 303 
accuracy of, 308 
of octaves, 456 
of periodicity, 458 
of reciprocal proportions, 309 
accuracy of, 316 
of volumes, 334 

an approximation, 334 
rejected by Dalton, 335 
Laws of chemical combination, 
296 

Lead, 8 

atomic weight of, 303 
calcined, 27 

in air over water or mer- 
cury, 34 

nitrate, composition of, 379 
formula of, 380 
sulphate, composition of, 314, 
374. 375. 377 

and sulphide, composition 

of. 317 

formulae of, 377 
Lime, 7, 48 
an oxide, 283 

dry, properties of, 529, 533 
Limestone, 5, 7, 48 
Lime-water, 49 
Litharge, 8 
Litmus, 15 

turned red by fixed air, 102 
Liver of sulphur, 170 
Long periods, 460 , 

Lunar caustic, 19 

M 

Magdeburg hemispheres, 320 
Magnesia, 19 

dissolved by fixed air, 103 
Magnesium, 281 
Malic acid, 13 
Manganese, 210 
Marble, 5 
Marcasite, 8 
crystals of, 8 
nodules of, 9 

Marsh gas, composition of, 157 
decomposed by sparking, 

157 
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Marsh gas, discovery of, 156 
properties of, 156 
structure of, 440 
type, 437 

Mass action, 501, 502, 504, 51 1 
Masurium, 493 
Matter indestructible, 389 
Mercury, 7 

atomic weight ol, 351 
calcination of, 40 
oxide heated alone, and with 
charcoal, 97 
red oxide of, 39 
trough, 88 ; Lavoisier’s, 147 
Metalepsy, 406 
Metalloids, 451 

Metals, action of nitric acid on, 
79 

and non-metals, 451 
burning of, 26 

not attacked by dry chlorine, 
533 

not dissolved by dry acids, 533 
specific and atomic heats of, 

363, 472 

Methyl alcohol, 403, 405 
Methylaminc, 422 
Methyl compounds, 405, 432 
radical, 404 
Mice, 12, 39, 86, 87 
Milk of sulphur, 171 
Milk-sugar, formula of, 393 
Minium, 8 

Missing elements (Mendeleeff), 
476 : (Newlands), 455 
total number of, 493 
Mixed types, 429 
Moisture, influence of on dis- 
sociation, on combustion, and 
on chemical change, 528 — 533 
Molecular compounds, 441 
formulae, 373 

heat of nitrogen peroxide, 526 
heats of compounds, 367 
weights determined by Avo- 
gadro's hypothesis, 340 
exact, 356 

Monatomic gases, 352, 354 
radicals, 433 
Mortar, 6 


Mucic acid, composition of, 391 
formula of, 393 
Multiple proportions in car- 
bonates 

in gases, 304, 305, 306 
in oxalates, 305, 306 
in oxides of carbon, 308 
of copper, iron, lead, 
sulphur, 307 
in sulphates, 306 
in sulphides of iron, 304, 307 
types, 427 

Muriates of copper, gold, iron, 
lime, magnesia, potash, soda, 
20 

Muriatic acid, 14 

composition of, 216 
contains hydrogen, 215 
radical, 218, 222, 225 

N 

Natural scries, Dumas’s, 453 
Neodymium and praseodym- 
ium, 303 

Neumann’s Law of Molecular 
Heats, 367 
Nitrate of potash, 19 
of silver, 19 
of soda, 19 
Nitrates, 199 
Nitre, 5, 19 

acid spirit of, 14 
decomposed by heat, 198 
Egyptian, action of vinegar 
on, 5 

mother of, 58 
Nitric arid, 14, 73, 198, 199 
analysis of, 200 
composition of, 199, 202, 
379 

displaced by vitriol, 22, 498 
formed during explosion of 
hydrogen and oxygen, 
116, 188 

produced by sparking air, 
188 

pure, properties of, 533 
structure of, 439 
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Nitric acid, synthesis of, 200 
oxide, absorbed by ferrous 
salts, 72 

and oxygen do not unite 
when dry, 530 
combination with oxygen, 
201 

composition of, 207. 332 
density of, 520 
properties of, 72 
Nitrites, 199 
Nitro-aerial spirit, 3 2 
Nitrobenzene, 417 
Nitrobenzoic acid, 431 
Nitrogen, 45, 121 

atomic weight of, 349 
from fulminating gold, 261 
iodide, 239 
peroxide, 73, 197 
composition of, 193 
dissociation of, 525 
dry, boiling-point of, 530 
molecular heat of, 526 
properties of, 75 
solid, 525 

vapour-density of, 525 
Nitrous acid, 73, 199 
gas, 73 

Nitrous air (s^e also Nitric 
oxide), 72 

combination of oxygen 
with, 73 

diminished (nitrous oxide), 
77 

Nitrous anhydride, dry, boil- 
ing point of, 330 
dry, properties of, 330 
fumes (nitrogen peroxide), 73 
oxide as an anaesthetic, 80, 81 
composition of, 193 
from ammonium nitrate, 79 
properties of, 78, 79 
Noble metals, 8 
Nomenclature chemical, 17 ; 
ammonia, 57; ammonium, 
267; anhydrides, 250; bar- 
ium, 281 ; bromine, 240 ; 
calcium, 281 ; carbon, 98 ; 
carbonic acid and carbonates, 
103 ; carbonic oxide, 140 ; 


chloric acid and chlorates, 
228 ; chlorides, 21S ; chlorine, 
212 ; crystals, 6 ; cyanides, 
245 ; cyanogen, 399 ; fluorine, 
233 ; hydnodic acid, 239 ; 
Jtiyurochloric acid, 218 ; hy- 
drocyanic acid, 245 ; hydro- 
fluoric acid, 235 ; hydro^^en, 
117; iodides, 238; iodine, 
237 ; magnesium, 281 ; ni- 
trates, 199 ; nitric acid, 14, 
198, 199 ; nitric oxide, 194 ; 
nitrites, 199 ; nitrogen, 45, 
1 91 ; nitrogen peroxide, 73, 
197 ; nitrous acid, 199 ; ni- 
trous oxide, 193 ; oxygen, 42 ; 
phosphoric acid and phos- 
phates, 179 ; phosphorous 
acid and phosphites, 179 ; 
potassium, 275 ; prussic acid 
and prussiates, 243 ; salts, 16 ; 
sodium, 278 ; strontium, 281 ; 
sulphides and sulphurets, 172 ; 
sulphuric acids and sulphates, 
14, 163 ; sulphurous acid and 
sulphites, 164 ; see also under 
Compound radicals. 

Nord hausen oil of vitriol, 13 

Nuclei, atomic, 493 
deprived, 416 
fundamental, 416 


O 

Octaves, Ncwlands’s, 456 
Odd series, 460 
Oils, 6 

composition of, 391 
of bitter almonds, 399 
of vitriol, 9, 13 

contains sulphur, 163 
displaced by nitric acid, 498 
sulphur in, 14 
Olefiant gas, 155 

composition of, 155 
decomposed by sparking, 
156 

discovery of, 154 
preparation from alcohol, 387 
Ordinals, 493 
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Organic analyses, alcohol and 
ether, 388 

of Beraielius, 392, Liebig, 
395 ; Gay-Lussac 390 
bodies containing metals, 
433 

chemistry, rise and develop- 
ment of, 384 

compounds, carbon and hy- 
drogen in, 385 
‘formuke of, 391 
Organo-metallic compounds, 435 
Orthrin, 401 
Oxalic acid, 13 

composition of, 391 
displaces hydrochloric acid, 

509 

formula of, 393 
Oxidation, 124 
Oxide of iodine, 238 
Oxides, 43 

of nitrogen, composition of, 
204 

reduced by potassium, 277 
Oxyacids, 247 
Oxygen, 42 

as standard of molecular and 
atomic weights, 
atomic weight of, 348 
density of, 128 
discovery of, 38, 43 
displaced by chlorine, 226 
from nitre, 44 
from nitric acid, 44 
from red lead, 39 
from red oxide of mercury, 
39, 44 

Oxymuriatic acid (chlorine). 

215 

Oxy-salts, 264 

P 

Palladium tube, 130 
Pearl-ashes, 3, 68 
Pearls, 6 

Periodic acid, 254 
Periodic classification, 462 
Law, 459 

Periodicity, 457, 458 
of atomic heats, 471 


Periodicity of atomic volumes, 
469 

of valency, 468 
Peroxide of manganese, 2H 
of potassium, 283 
of sodium, 283 
Peroxides, 21 1 
Perissads, 442 
Philosopher’s stone, 2 
Phlogisticatcd acid of nitre, 198 ; 
air, 31 

Phlogiston, 31 

Phosphates and arsenates, iso- 
morphism of, 368 
Phosphonium iodide, structure 
433 

salts, vapour-densities of, 519 
Phosphoric acid, and phosphates, 
179 

displaces sulphuric acid, 509 
Phosphoretled hydrogen, 180 
from phosphorous acid, 181 
not an acid, 181 
Phosphoric anhydride, 179 
Phosphorous acid and phos- 
phites, 180 

Phosphorus, atomic weight of, 351 
burning of, 178 
distilled in dry oxygen, 531 
preparation of, 177 
properties of, 178 
smouldering of, 179 
supposed to contain hydrogen, 
265 

pentachloride a molecular 
compound, 442 
dissociation of, 323 
vapour-density of, 523 
Picramyl radical, 409 
Plaster of Paris, 1 6 
Plumbago (see Graphite), loi 
Polonium, 493 
Polyatomic radicals, 433 
Polymerisation, 351 
Polymorphism, 372 
Polysulphides, 177 
Potash, 3 

action of heat on, 55 
as an element, 257 
caustic, isolated, 55 
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Potash decomposed by electric 
current> 273 
by iron, 275 
Potassium, 275 
amalgam, 276 
chlorate, 227 

composition of, 315, 377 
formula of, 378 
chloride, 276 
decomposes water, 277 
ethoxide, 423 
hydroxide, 28^ 
iodate, 254 
iodide, 239 
oxidation of, 275 
properties of, 275 
Prehistoric Period, i 
Principles, three alchemistic, 162, 
448 

Producer gas, 142 
Proin, 400 
Propionic acid, 430 
Protactinium, 493 
Proton or Protyl, 482, 494 
Prout’s hypothesis, 480 

and the law of probabilities, 

485 

tested, 483, 484 
Prussian blue, 242 
Prussiates, 243 
Prussic acid, 242 
anhydrous, 24 
composition of, 243 
structure of, 440 
Pyrites, 8 

composition of, 174 
contains sulphur, 163 
crystals of, 9 
oxidation of, 174 
sulphur in, 14 
vitriolisation of, 174 
Pyrolusite, 210 

Q 

Quadrivalency of carbon, 437, 

438 

Quartz, 288 
crystals of. 6 
Quicklime, 49 


R. 

Radicals, compound, 245 
conjugated, 430 
derived, 416 
diatomic, 433 
fundamental, 416 
monatomic, 433 
polyatomic, 433 
Radio-active elements, 467 ^ 
Radio-elements, 467 
Rare-earth elements, 466, 492 
Rathbone Place water, 103 
Receiver for gases, 84, 88 
Reciprocal proportions, 309 
in acids and bases, 310 
Red calx of mercury, 39 
lead, 8 

precipitate, 60, 44 
Reduction, 124 
Residues, 417 
Resin, composition of, 391 
Reversible actions, 499, 501, 124 
Rhenium, 493 
Rock-crystal, 6 
Rouge, 13 

S 

Sal-ammoniac. 5 

composition ol, 264 
crystal of, 4 
dissociation of, 521 
dry, properties of, 529, 533 
influence of moisture on the 
dissociation of, 528 
prepared from acid air and 
alkaline air, 83 
volatile spirit of, 57 
“ Sal mirabile," 18 
Sal sylvii, 20 
Sal-volatile, 56 

prepared from alkaline air 
and fixed air, 84 

Salt, 3 

Boyle’s definition of, 3 
common, 3 
Epsom, 59 
Glauber’s, 18 
sedative, 288 
spirit of; 14 
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Saltpetre, 5, 8. 19 
crystal of, 4 

Salts as binary compounds of 
two radicals, 270 
crystallisation of mixed, 505, 

decomposed by electric cur- 
rent, 273 
formulae of, 374 
insoluble, 17 

insoluble, action of acids on, 

507 

neutral, 25 
nomenclature of, 16 
preparation of, 16 
structure of, 394 
Sand, 288 
Scandium, 477 
Sceptical chemist, 448 
Sedative salt, 288 
Selenite, lO, 18, 19 
Semi-water gas, 143 
Short periods, 459 
Silica, 288 
Silicon, 288 
Silver, 7 

chlorate and chloride, com- 
position of, 3T7 
chloride, composition of, 354 
iodate and iodide, composition 
of, 317 

Slaked lime, ^9 

composition of 283 
Smithy scale, reduced by char- 
coal, 138 
Soda, 3 

decomposed by electric cur- 
rent, 278 

Sodium-amalgam, 279 
chloride, 286 
decomposes water, 279 
hydroxide, 284 
properties of, 278 
sulphate, 21 
Solid solutions, 370 
Solutions, solid, 370 
Specific heats. 364 

at high temperatures, 366 
at low temperatures, 363, 
366,472 


Specific heats of metals, 363 
of solid elements, 365 
Spectra, 475 

high-frequency, of the ele- 
ments, 487, 488, ^89 
Spirit of hartshorn, 57 
of salt, 14 
of wood, 403 

Spiritus nitro-.-Encus, 32 
Spring of the air, 320 
Stalactites, 105, 106 
Stalagmites, 105 
Stannous chloride, dissociation 
of, 361, 380 

Starch, composition of, 390 
formula, of, 393 
Stcam-molcculcs, 527 
Strontium, 281 
Structural formulae, 439 
Structure oi alcohol and ether, 401 
of benzene, 440 
of organic compounds, 398 
of salts, 394 
Substitution, 406 
-value, 433 

Succinic acid, formula of, 393 
Sugar, 6 

composition of, 390 
formula of, 393 
of lca<l, 20 

Sulphate of copper, 18 
of iron, 18 
of lime, 19 
of magnesia, 19 
of potash, 18 
of soda, 18 
Sulphates, 1 7 

decomposition of, by heat, 169 
Sulphides, burning of, 173 
conversion to sulphates, 17.'! 
metallic, 172 
Sulpho-salts, 248 
Sulphovinic acid, 402 
Sulphur, association and disso- 
ciation of, 351, 524 
atomic weight of, 350 
combustion of, if)3 
crystals of, 163 
displaced by chlorine, 226 
dissociation of> 524 
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Sulphur dissolved by alkalis, 171 
distilled in dry oxygen, 531 
from pyrites, 162 
in oil of vitriol, 163 
liver of, 170 
milk of, 1 71 
native, 162 

polymerisation of, 351 
supposed to contain hydro- 
gen, 265 
Sulphurets, 172 
Sulphuretted hydrogen, 171 
an acid, 175 
composition of, 171 
decomposed by sparking, 
172 

Sulphuric acid, action on alcohol, 

154 

and sulphates, 163 
composition of, 108, i6<), 
375. 37^^ 

displaced by nitric acid, 498 
displaced by phosphoric 
acid and by silica, 509 
structure of, 439 
anhydride, 1O9, 250 
ether, 402 

Sulphurous acid, and sulphites, 
164 

structure of, 430 
anhydride, 250 
composition of, 

Sulphuryl chloride, 439 
Supporters of combustion, 451 
Sylvinc, 20 

Synthesis of organic compounds, 
399 

Syrup of violets, 15 
T 

Tables of affinity, 499 
Tannin, formula of, 393 
Tartar, 3 
calcined, 3 
vitriolatcd, 18 
Tartaric acid, 13 

composition of, 391 
formula of, 393 
Theory of types, 41 1 


Tin, 7 
calcined, 26 

in air, over water or mer- 
cury, 34 

in scaled flasks, 29, 35 
Tinstone, 7 
Topaz, () 

“ Tournesol ” (sec litmus), 15 
Transition periods, 460 
Triads, Doberciner’s, 452 
Triatom 1C gases, 352 
Trichloracetic acid, 411 
Tiimanganese, 478 
Turpentine, b 
Types, mixed, 429 
multiple, 427 
simple inorganic, 421 
ammonia, 422 
hydrochloric acid, 425 
liydrogcn, 425 
marsh gas, 437 
water, 424 
theory of, 4x1 
Typical elements, 460 


U 

Uranium, atomic weight of, 475 
Urea, synthesis of, 399 
Uric acid, 13 

V 

Valency, 355, 434 
fixed or variable, 441 
of carbon, 437, 438 
periodicity of, 468 
Vapour densities, 340, 345, 

354 

of ammonium and phos* 
phonium salts, 519 
of compounds of iron, 362 
of metallic elements and 
compounds, 360, 361 
density of acetic acid, 
of nitrogen peroxide, 525 
of phosphorus penta- 
chloride, 523 
of sulphur, 524 
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Vapour^density, variation witli 
temperature, 522 
Verdigris, 16 

Vicarious replacement, 370 
Vinegar. 6, 8 
distilled, 12 

" Vinegar upon nitre,*' 4 
Vinous fermentation, 388 
Vital air, 40 
Vitriol, blue, 17, 18' 
green, 9. 18 

Nordhausen oil of, 13 
oil of, 9, 13 

displaced by nitric acid, 498 
Vitriolatcd tartar, 18 

decomposed by nitric acid, 
498 

Vitriolic acid air (sulphurous 
anhydride), 164 
converted into oil of vitriol, 
167 

preparation of, 105 
properties of, 1O6 
Vitriols, 17 
picparation of, 18 
Volatilespiritof sal-ammoniac, 57 
Voltaic pile, 271 
Volta’s eudiometer, 122 

W 

Water absorbed and liberated 
in the formation of salts, 269 
a product of combustion, 113 
an clement, 112 
an oxide, 117 
association of, 527 


Water by reduction of metallic 
calces, 123 

composition of, Berzelius and 
Dulong, 124 ; Cavendish, 
115; Dumas, 125; Humboldt 
andGay-Lussac,i22; Monge, 
120: Morley, 128; Scott, 127 
decomposed by charcoal, 142 
by electric current, 272 
by iron, 118 
by potassium, 277 
by sodium, 279 
dissociation of, 515 
143 

hardness of, 105 
'molecules, 327 
of crystallisation, 25 
strucliirc of, 439 
type, 424 

Waters, aerated, 102 
chalybeate. 108 
mineral, 102 

Waxes, 6 

Willow-tree, van Helmont’s, 112 

Wine, 6, 8 

X 

X-rays, wave-lengths of, 487, 
488, 489 

Z 

Zinc oxide reduced by charcoal, 

137 

Zinc, pure, docs not dissolve in 
acids, 530 
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